Air 
transportable 


Ground radar 


AiResearch gas turbine generator sets are now 
providing precise electrical power for mobile 
weapon systems in compact packages less than 
half the size and weight of previous systems. 

These simplified power packages have fewer 
parts and provide dependable, quick starting 
and continuous trouble-free operation in any 


weather extreme. 


Greater Mobility 
and Reliability for 
Today’s 
Weapon 
Systems 


Ground 


Typical AiResearch gas turbine generator set 


Starting, loading and shutdown are com- 
pletely automatic, push-button operations. And 
each package has scientifically-designed sound 
attenuation to minimize noise. 

AiResearch is a leader in the design and pro- 
duction of small gas turbine engines and power 
conversion equipment. Please direct your 
inquiries to the AiResearch Phoenix Division. 


| > 4 AIRESEARCH MANUFACTURING DIVISIONS Los Angeles 45, California Phoenix, Am 


Systems and Components for: 
Aircraft, Missile, Spacecraft, Electronic, Nuclear and Industrial Applications 
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He designed a 
new interchange 
for radio traffic 


This AMF engineer, part of an 
AMF-U.S. Army team, solved the 
problem of traffic delays and personal 
danger in manual re-connection of 
jumpers when interchanging R.F. 
transmitters and antennas. 


His solution is a push-button-op- 
erated, coaxial crossbar switching 
system, using vacuum switches for 
circuit selection. A typical system 
consists of 4 transmitter inputs, 7 
antenna outputs plus a dummy load, 
ina 4x8 matrix that can be mounted 
in a 19” rack. It can be controlled 
locally or remotely over any type of 
communication network having a 
bandwidth of at least 200 cycles. 


AMF’s coaxial crossbar switching 
system provides 100% flexibility in 
circuit path selection and accommo- 
dates power levels as high as 500,000 
watts and frequencies up to30 mega- 
cycles. It allows 100% utilization of 
all transmitting equipment. Stubs 
are automatically eliminated. 


To insure fail-safe operation, 
power is required for the vacuum 
switches only during change of con- 
dition. Selection rate: 1 per second. 
Operating transmitters are safety- 
interlocked to insure a load. There 
are no hazards from open wires or 
inadvertent application of power to 
dead-lined antennas. 


Single Command Concept 


AMF’s imagination and skills are 
organized in a single operational. 
unit offering a wide range of engi- 
neering and production capabilities. 
Its purpose: to accept assignments 
at any stage from concept through 
development, production, and serv- 
ice training...and to complete them 
faster...in 


* Ground Support Equipment 

* Weapon Systems 

* Undersea Warfare 

Radar 

« Automatic Handling & Processing 
Range Instrumentation 

¢ Space Environment Equipment 

¢ Nuclear Research & Development 


GOVERNMENT PRODUCTS GROUP, 
AMF Building, 261 Madison Avenue, 
New York 16, N. Y. 
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Doubt is his dogma. He questions everything, takes nothing for granted — not even his own answers. 
Do you share his stubborn skepticism? Then come to Northrop, where the breadth and variety of projects give ample 
scope to the most determined questioner. Northrop’s divisional organization makes it possible to support a broad range 
of programs from countermeasures systems and airborne computer design to techniques for aero-space deceleration 
and re-entry, and the maintenance of a total human environment in space. 
Top priority, just now, goes to senior aerodynamicists and computer circuit designers. But whatever your specializa- 
tion, if you’re the kind of man Northrop needs, there'll always be an opening 
for you. Why not get in touch with us today and find out more? Just write ia Ke RTH Rt P 


to Northrop Corporation, Post Office Box No. 1525, Beverly Hills, California. AN EQUAL OPPORTUNITY EMPLOYER 
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HDR SERIES High precision radial 
ball bearings with maximum ball complements 
in deep groove races uninterrupted by filling 
slots or counterbore — extra high capacity — 
made in four metric series, in ABEC 3 and 
ABEC 5 precision grades. 


T SERIES Thin-section, high precision 
radial ball bearings. Type TCR with maximum 
ball complement and retainer — Type TCF 
with full race ball complement — Type TWF 
with unique integral shield. 


MIDGET T's 
Small, thin-section ra- 
dial ball bearings with 
maximum ball com- 
plements and one- 
piece retainers — high 
concentration of load 
capacity in minimal 
space results in tremen- 
dous space savings. 


FUNCTIONAL ADVANTAGES 
EXCLUSIVE WITH PATENTED 
SBB BALL BEARING CONSTRUCTION 
Split Ballbearings have many advantages over conventional ballbearings 
because of our exclusive and patented method of construction. The result 


is a new kind of precision ballbearing with the following superior per- 
formance abilities: 


MORE LOAD CAPACITY — up to 56% more radial capacity than conven- 
tional Conrad-type bearings while maintaining full thrust capacity in either 
direction. LONGER SERVICE LIFE — up to 280% more life than conventional 
Conrad-type bearings, without sacrificing load capacity. ONE-PIECE RE- 
TAINER — strong, light, precision made. SPACE SAVING — more capacity 
in a given bearing envelope means smaller bearings may be used. LOW 
TORQUE — maximum ball complements and precision one-piece retainers 
provide better load distribution within the bearing, effectively reduce start- 
ing torque, and minimize running torque. GREATER RIGIDITY, LESS DE- 
FLECTION, INCREASED RESISTANCE TO SHOCK LOADS — all these ad- 
vantages derive from using maximum ball complements in deep groove 
bearings without filling notches or counterbored rings ... possible only with 
Split’s patented construction method. INTEGRAL SHIELDS — truly integral 
shields in thin-section bearings . . . no ring distortion. SPECIAL DESIGNS 
— Split Ballbearing’s method of construction brings new solutions to diffi- 
cult bearing problems. As a result, many of these incorporate special bearing 
designs. You are invited to consult with our Special Bearing Engineering 
Group for new approaches to your particularly difficult bearing problems. 


EBANON, NEW HAMPSHIR 
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Problems in Concurrent 


Development and Production 
William R. Owens 


Mr. Owens is a member of the IAS Aerospace Tech- 
nology Panel on Support, and a member of the 
Boeing Company Aerospace Division where he has 
held project and staff technical assignments on the 
Bomarc and Minuteman programs. 


Dice OF THE MAJOR difficulties the Department of 
Defense faces today is the problem of hardware 
deliveries on schedule in a new weapon system in- 
volving concurrency between the development pro- 
gram and the production program. 

A clear definition of the weapon system require- 
ments, in terms of equipment, facilities, people and 
data, is the first step in accomplishing a concurrent 
program on time. Specification MIL-D-9412C es- 
tablishes the requirement for the conduct of a 
weapon system functional analysis—viz., prelimi- 
nary design—resulting in a determination of the fol- 
lowing: 


(a) All functions (performed by hardware and 
people) required in the weapon system. 

(b) Technical requirements for each item of hard- 
ware and facility. 

(c) Recommended solutions for (a) above. 

(d) Sources of hardware (Contractor-furnished or 
Government-furnished). 

(e) Maintenance requirements. 

(f) Spares provisioning consistent with (a) above. 

(g) Basis of issue for end item hardware. 

(h) Personnel skills and training requirements. 

(i) Technical data requirements. 


Of the four areas of requirements, perhaps the 
most difficult to determine is that of equipment, or 
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end items of hardware. The functional analysis at- 
tempts to determine the several procurement packages 
which constitute the end items to be furnished under 
the production program. (Note: In this deter- 
mination, does an end item for cabling comprise an 
individual cable or a set of cables for intrasite con- 
nections? When a “test set’ is comprised of sev- 
eral unconnected units, is each unit an end item, 
or is the ‘‘test set’? an end item?) Without much 
doubt, the biggest detriment to the on-schedule 
delivery of operational systems has been Jate defini- 
tion of the elements identified above. A _ very 
concerted effort must be put forth sufficiently early 
in the development program to establish the required 
elements of the weapon system to know what must 
be developed and what must go into production. 
Budget estimates and timing tend to be grossly inac- 
curate until these elements are known. 

Following the completion of the functional analysis 
and approval of the data by the procuring agency, 
specifications need to be written. Specification 
MIL-S-6644A currently requires considerable de- 
tailed interpretation to yield satisfactory documents. 
Definition of a subsystem would logically be as- 
sumed to apply to the first subdivision below weapon 
system, such as missile subsystem, launch control 
subsystem, etc.; however, this is not generally 
applied. Why the terms ‘personnel subsystem” 
and “launch control system’? when these elements 
have equal importance in the weapon system? 
Why should it not be clearly stated that an equip- 
ment specification must unequivocally define what 
test results the contractor must obtain to permit 
acceptance of the equipment. Our communications 
are hampered by different names for the same thing— 
‘model specification,” ‘“‘detail design specification,” 
“equipment specification.”’ To what level of drawing 
detail does the contracting agency control and approve 


configuration changes? Revision of MIL-S-6644A 


with improved interpretations would help consider- 
ably to avoid delays in specification preparation and 
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approval particularly when production must start 
within a few months after the first R&D firing. 

Concurrency further aggravates the production 
program because of the volume of changes being fed 
in by the development program, such as changes in 
tooling, revision of schedules and price, need for 
sole sources best capable of performing to program 
demands, configuration control of hardware by de- 
tailed part numbers, changes in long lead operational 
facilities, and budget limitations preventing enough 
flexibility to invoke work-arounds to meet program 
demands. 

In summary, the military establishment and in- 
dustry must place more emphasis on an adequate 
and early resolution of weapon system elements if 
we expect to meet the demanding schedules on high- 
priority complex military weapon systems. This 
early weapon system analysis must be conducted to 
provide a basis for sound program direction. Having 
accomplished this objective, the detailed require- 
ment can be developed to add the necessary precision 
in requirements for equipment, facilities, personnel 
training, spares, and technical data. 


Vehicle Design 
Problems Surveyed 


C. E. Pappas 


Mr. Pappas is Chairman of the IAS Aerospace 
Technology Panel on Vehicle Design, and Assistant 
to the Vice President—Research and Development, 
Republic Aviation Corp. 


= DESIGN encompasses a broad category of 
flight systems operating in various degrees of the 
atmosphere, to no atmosphere at all in space. The 
spectrum extends from conventional aircraft, to 
missiles, to geocentric satellites and finally deep 
space spacecraft. Each category requires a special 
realm of knowledge and engineering design skill. 
Members of the Vehicle Design Panel will continue to 
discuss in these columns during the months ahead 
various problems in these three broad categories to 
indicate the state of the art and where it is likely to 
proceed. Perhaps one of the most satisfying re- 
sults that may ensue from technical data to appear 
here is that AEROSPACE ENGINEERING readers may 
determine whether adjustments in individual scien- 
tific capabilities and education requirements are nec- 
essary to meet challenges ahead. 

In extending our design requirements to that of 
Space, we find that in addition to the three basic 
disciplines of physics, chemistry and. mathematics 
we must now add two more fields—psychology and 
biology, the latter including botany. 

In the past, the aircraft engineer has paid little 


attention to the psychological factors affecting pilot 
and crew in the design of aircraft. Today, however, 
it is essential that he consider the pilot and crew be- 
cause the success of our manned space efforts will 
depend considerably upon psychological well-being. 

The vehicle designer must synthesize all of these 
doctrines into one successful operating system. 
When one accounts for the new concepts being in- 
troduced in each one of these fields, the designer really 
has a formidable task before him. 

The designer must have a basic training and under- 
standing of several fields of science. Coupled with 
this he must have extensive engineering ability and 
experience. In this regard, vehicle design stands 
supreme with respect to all other fields; it isno wonder 
that the designer must proceed with his feet solidly 
on the ground and must exercise caution as well as 
sound judgment. Reliability and maintenance con- 
siderations will dictate how many new concepts and 
doctrines he should introduce into a new design 
in order to attain a certain degree of success. 

It is noteworthy that as an engineer’s abilities 
are called upon to design for space conditions, he 
learns immediately that design depends very heavily 
upon consideration of weight, systems integration 
and optimization, weapons system effectiveness, and 
the new environmental conditions introduced. 

As we all know, if we are to achieve proper low 
structural weight, it is mandatory that we find sub- 
stantial advances in the state of the art in Structures, 
Materials, Propulsion, and Electronics; and, in the 
case of man, closed ecological systems. 

It is evident that in order to keep structural weight 
to a minimum, vehicle shapes of the future must per- 
form several functions. For example, a fuselage may 
be required to house not only electronics, crew, fuel, 
etc., but must at the same time be a lifting surface, 
an air inlet, a combustor, and an exit to be used in 
conjunction with a propulsion system. 

A WORD OF CAUTION: There is a tendency to push 
forward so fast that the designer finds it very difficult 
to make the transition between his prior experience 
with that required in a given new design. On this 
basis, the overall project contemplated becomes too 
expensive or too risky. Somehow, we must pause to 
look around to see what is available to us before 
plunging too deeply into the unknown. In this case, 
haste can very well make waste. Common sense 
and logic must be called upon to resist what certainly 
is a widespread temptation to plow into darkness 
without illuminating it first. 

We must readjust our ways of research, in industry 
and Government, if we are to obtain necessary data 
to design vehicles of the future. We must concen- 
trate more on problems which appear to be more con- 
ventional and get factual statistics before tactically 
useful vehicles capable of sustained flight can be 
produced. Strict adherence to this concept will 
assist greatly in obtaining data so necessary for 
future design. 
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Nuclear Applications 


Nuclear Energy in Space— 


Radioisotope Auxiliary Power Systems 


Jerome G. Morse e Douglas G. Harvey 


The Martin Company 


= SUCCESSFUL launching and operation of a 
Transit satellite in June 1961 heralded the first ap- 
plication of nuclear power in America’s space pro- 
gram. After more than 5 years of development by 
Martin Company engineers under AEC auspices, a 
SNAP (Systems for Nuclear Auxiliary Power) gen- 
erator was put to work driving two transmitters 
aboard the Navy’s Transit IV-A navigation satellite. 

The grapefruit-sized device is representative of a 
family of radioisotope-fueled electrical generators 
which convert heat to electricity without moving 
parts—and hence are ideally suited to space missions. 
They can be used most effectively for low-powered, 
long-lived earth orbit missions, obviating the need 
for battery charging. They can function effectively 
on the dark face of the moon, in the dense atmos- 
phere of Venus, and in any missions away from 
the sun. 

In radioisotopic generators, heat is generated 
when the particulate and electromagnetic radiations 
emitted by a sealed quantity of radioisotopic ma- 
terial are absorbed by the source and its surrounding 
containment material. This heat is then partially 
converted into electricity by a suitable direct-energy 
conversion device—thermoelectricity in the case of 
the Transit IV-A generator—and the remaining heat 
is dissipated to the external environment. 

Two major types of radioactive materials are 
used: (1) waste materials from the controlled fission 
of uranium, and (2) alpha-emitting isotopes pro- 
duced by irradiation of suitable target materials in 
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Dr. Morse is Director, Auxiliary Power Sys- 
tems Dept., Martin Nuclear Division. He 
completed undergraduate studies at City 
College of New York in 1942, received his 
M.S. degree from the University of Penn- 
sylvania in 1947, and his Ph.D. in physical 
chemistry from the Illinois Institute of Tech- 
nology in 1951. In World War Il he was, 
consecutively, an infantry officer with the 
U.S. Army and an officer in the Army Air 
Force. After a year as research chemist 
with the General Electric Co. in Schenectady, 
Dr. Morse joined the University of Miami 
faculty in 1952. He taught chemistry and was Director of the Radio- 
isotopes Laboratory until 1955, when he accepted a post with Martin's 
Nuclear Division. He is a consultant to the Oak Ridge Institute of Nu- 
clear Studies, and a member of an AEC Industry Advisory Committee 
on Utilization of Radioisotopes. 


Mr. Harvey is Project Engineer in charge of 
the Space Systems Project of the Auxiliary 
Power Systems Department in Martin's Nu- 
clear Division. He was graduated from 
Trinity College (Hartford, Conn.) with a 
Bachelor's degree in chemistry in 1952, and 
the following year received his Master's de- 
gree in nuclear chemistry from the Mas- 
sachusetts Institute of Technology. From 
1953 to 1956, he served as officer in 
charge of Radiation Effects Studies at the 
Wright Air Development Center (Dayton, 
Ohio), joining Martin in August 1956. In 
January 1959, after serving in several positions, he was appointed 
Sales Manager of the Isotopic Power Department, and shortly there- 
after became Project Engineer for the SNAP 1A program. His post 
since has been expanded to include supervision of other Martin- 


Nuclear Division space power systems as well. 
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_ in which, the 
authors report, this 
new, rugged, 
compact and reliable 
device (converting 
heat to electricity 
without moving 
parts) operates 
independently of 
solar transients and 
is adaptable to 


power needs in space. 


nuclear reactors. Each type of source material has 
distinct advantages for specific missions; but for 
space probes into the new environments where one 
of the properties to be investigated is the ambient 
electromagnetic radiation, a distinct advantage is 
found in the use of alpha-emitters as sources of 
energy. After extensive examination of the alpha- 
emitters available, it appeared that four isotopes 
had merit as heat sources—curium-242, polonium- 
210, curium-244, and plutonium-238. Potential 
availability and cost, plus the lack of hard gamma 
radiation, were the deciding factors in the selection 
of these four isotopes (Table 1). 

Two of these four isotopes, curium-242 and polo- 
nium-210, are in the short-life, high-power category. 
Plutonium-238, with its half life of almost 90 years, 
answers the need for long-lived heat sources. 
Curium-244 (17.9-year half life) will serve as a 
source of power for an intermediate-length mission. 


Energy Conversion Systems 


The heat obtained from radioactive decay may be 
converted into electricity by means of rotating 
machinery, thermoelectric devices, or thermionic 
devices. With efficiency and reliability as guide- 
lines, only the latter two schemes need be con- 
sidered at power levels of a few hundred watts. 
Early missions will use thermoelectric converters, 
but the potential of thermionic systems, offering 
such significant advantages as high heat-rejection 
temperatures, lower weight, and higher efficiencies, 
well justifies extensive (Continued on page 58) 
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Fig. 1. SNAP 1A thermoelectric generator. 


Thermoelectric 
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Fig. 2. SNAP 3 thermoelectric generator. 


Fig. 3. The first nuclear-powered satellite in orbit (artist's drawing). 
White sphere atop the drum-shaped Transit satellite is a radioisotope- 
fueled SNAP generator. Heat produced by the spontaneous decay of 
plutonium-238 in the core of the generator is converted directly into 
electric energy by a thermoelectric system. 
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Management 


For the Air Force 


A New Scientific Management Technique 


Lee A. Ohlinger, Northrop Corporation 


Mos: PEOPLE probably think of the U.S. Air Force 
(USAF) in terms of ‘“‘the customer’ and not many 
consider them from ‘the management’’ aspect. 
Nevertheless, what used to be the Air Material Com- 
mand (AMC) and is now the Air Force Logistics 
Command (AFLC) has under its jurisdiction or 
“management” a complex of over 100 weapon sys- 
tems programs for which it is responsible from a cost 
and performance standpoint. Classical management 
theory defines the five principal management func- 
tions as planning, control, organizing, staffing, and 
directing. The Air Force not only exercises all of 
these within its own structure but also exercises the 
first two and strongest of these management func- 
tions over the program complex continuously, and 
this certainly classes them as ‘“‘management.”’ 

Unfortunately, the USAF has been faced with the 
same problem that has harassed industry—the need 
to recognize management’s true place in the total 
scheme of things and the need for converting the 
“art” of management to the “science’’ of manage- 
ment. 

In a democratic nation devoted to the concept of 
free enterprise, it was inevitable that competition 
would drive industry toward better products at 
lower cost but too many people believe that the bet- 
ter products and lower costs are simply the result of 
improved technology and manufacturing skills. 
Very few seem to realize the importance of manage- 
ment’s part in achieving these goals or recognize 
that a bad management system can ruin the effects 
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The author, Director of Northrop’s Norair 
Division Computing and Data Processing 
Center, is a pioneer and leader in the atomic 
energy and computing-data processing fields. 
His 34 years of technical and management 
experience includes 12 years in his present 
post, three years as Northrop’s Design 
Specialist and Project Engineer of Nuclear 
Energy Projects, four years as Assistant 
Division Director, University of Chicago 
Metallurgical Laboratory (Manhattan Proj- 
ect) where he made the basic engineering 
designs for the first nuclear reactors at Han- 
ford, 12 years as Specialty Design Engineer for Standard Oil, and 
seven years as a consulting structural engineer. He holds over 40 
patents in his principal fields. 


of the best skilled engineering and production 
workers. Industry provides research in science and 
technology and research in manufacturing tech- 
niques but rarely if ever stresses research in manage- 
ment techniques and the development of scientific 
methods of improving management’s functions of 
decision-making and control. 

However, the day of intuitive management by 
“seat-of-the-pants” techniques is passing, and the 
new tools of scientific management which we call 
Operations Research, aided and abetted by the 
newer mathematical tools and high-speed computing 
and data-processing equipment, are providing the 
opportunity for intelligent and realistic decision- 
making based upon scientific principles. 

If scientific management can be applied to in- 
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Fig. 1. Expenditure rate curve. 


Fig. 2. Expenditure growth (or cumulative expenditure) curve. 


.«« the need to recognize management's true place in the total scheme of things. 


. + the need for converting the art of management to the science of management. 
The application of scientific techniques in a joint USAF-Industry 
effort to remedy a long-neglected management area is reported along with 


significant results for long-range programing and reprograming. 


dustry, it should be equally capable of being applied 
to the military in their capacity as managers of what 
amounts to ‘‘big business’’—this complex of over 100 
weapon systems programs. The following is a report 
of a joint effort of industry and the Air Force to pro- 
vide the latter with a significant example of the new 
scientific techniques of management in an area that 
has sorely needed this aid for many years. The suc- 
cessful demonstration of the principles involved can 
only lead inevitably to the application of similar 
scientific techniques to other phases of management 
in the Air Force and other military agencies but the 
program described herein can well serve as the 
pioneering effort to demonstrate the new concepts of 
management. 

The program complex of AFLC is a dynamic one, 
subject to change at any time brought about by a 
number of different disturbing factors. For example, 
Hq USAF may, at any time, perform a simulation or 
gaming exercise on the program complex based upon 
economic, military, or even political reasons. The 
result of the gaming is to raise a number of ‘““What 
if... ?” questions for which Hq USAF, as top 
management, must have answers in order to evaluate 
the results of various program shifts and arrive at 
decisions for immediate or future action. This may 
range from a quantity, schedule, or product change 
in a single program to a major change in the force 
structure, but good decisions are impossible without 
answers to the ‘“What if... ?”’ questions. 

In the past, the request for such answers came 


through AMC to the affected contractors, very often 
on a Friday, with a Monday deadline. The result 
of such queries, even though they might avowedly 
be only a hypothetical investigation, was the crea- 
tion of a panic and a drop in morale that reduced 
production and required some time before things 
were again on an even keel at the contractor’s site. 

In addition to the external influences that re- 
quired the ability to predict the effects of repro- 
graming, there existed within the program com- 
plex itself additional reasons for reprograming all 
or part of the complex. For example, the develop- 
ment of an over-run or over-schedule condition in 
one or more programs might result in the rupture of 
the budget ceiling for AMC and necessitate im- 
mediate and fast reprograming to cover the exi- 
gency. Another example of the cause for reprogram- 
ing is the inevitable ‘program growth” that his- 
torically always occurred but which no one wanted 
to recognize until the usual specter of ruptured 
budget ceilings necessitated reprograming. 

For many years, Hq USAF, Air Research and 
Development Command (ARDC), and AMC were 
quite concerned with the magnitude of this program- 
ing and reprograming problem but they faced 
the difficulty of finding time in the busy schedules of 
the top military decision makers and the means 
within their own organization and industry to do 
something constructive about it. 

The pressure that finally sparked the study de- 
scribed in this paper was (Continued on page 63) 
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Fig. 1. Propellant density-/, trade-off factor for ideally staged rocket 
with fixed propellant volume and inert weight in each stage. 


= SELECTING propellants for rocket applica- 
tions, one must always consider the trade-off be- 
tween propellant density and specific impulse values. 
A relatively simple and straightforward method of 
determining this trade-off and some typical trade-off 
values are given here. The method is general with 
respect to vehicle performance or design criteria, but 
will be illustrated for only one case—that where a 
multistage vehicle’s inert parts weights and pro- 
pellant volumes are fixed and a given vehicle burnout 
velocity is to be maintained. 

Geckler' has shown that, for multistage rockets, 
the differential of the ideal vehicle burnout velocity 
may be written in a form such that the effects of 
changes in inert parts, propellant, and payload 
weights of each of the stages are separable. His 
fundamental equation is 


dM, 
dv, = 
Up | + pi M,® 
dM dM, 
“Mo” 


where ~; and e; are complicated functions which 
reflect the changes in ith stage weights on the mass 
ratios of the first to the 7th stages. For the special 
case considered here 


dM,/M,® = dp;/p; (fixed volume) (2) 
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Propulsion Systems 


Trade-Off Between 


Leonard J. Gordon 


Aerojet-General Corporation 
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UCLA, he joined Aerojet in 1951. Since 
then he has worked on various aspects of 
obtaining power from chemicals—primary 
electric batteries, fuel cell batteries, mono- 
propellants, liquid fuels, and solid pro- 
pellants. 


dM,/M, = 
dM,/M, =0 (fixed inert weight) (3) 


Using Eqs. (2) and (3) and the fundamental rela- 
tionship 


de,/c, = dI,“/I, (4) 
Eq. (1) is reduced to 
d 
dy = co Pi (9) 
i=1 I, Pi 


Ifa given vehicle burnout velocity is to be main- 
tained as changes are made in propellant J; or p 
values, 


dy» = 0 (6) 


For the case where changes are considered only 
in the 7th stage 
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Propellant Specific Impulse and Density 


A general method of determining this trade-off is presented, 


with one illustration—'‘that where a multistage vehicle's inert 


parts weights and propellant volumes are fixed and a given 


vehicle burnout velocity is to be maintained.” 


Symbols 
c = effective exhaust velocity 
e = coefficient for inert parts 
I; = propellant specific impulse 


K = propellant density-/; trade-off exponent 
Ly = coefficient for payload 

M, = empty mass rocket motor 

M, = mass of payload 

M, = mass of propellant 

M,) = initial mass of vehicle stage 


N = number of stages in multistage rocket 
pb = coefficient for propellant 

% = burnout velocity 

v = dimensionless velocity increment 

a; = stage ratio 

¢; = stage propellant fraction 

A; = motor propellant fraction 

Q = parameter as defined by Eq. (11) 

p = propellant density 


dI,/I,) = dpw/pq (7) 


and Eq. (6) reduces to 
d[, dpi 


©) 


CiVi 


Within the range of changes in J,“ and p,, for 
which the assumption of fixed inert parts weights 
remains valid, Eq. (8) may be integrated to yield 


[Z. p:*4], = (9) 
where 
K; (10) 


Equations for computing the coefficients p; are given 
by Geckler.! 


The form of Eq. (9) is well known, having been 
stated empirically—for example, in Leonard.? Often 
one is interested in substituting one propellant for 
another of known density and J,. Inasmuch as J, 
appears explicitly in the burnout velocity expressions 
and p does not, it is convenient to cast Eq. (9) into 
the form 


Q = I,(p/po)* (11) 


where po is density of a reference propellant, and 2 
is “effective specific impulse.”’ 

Figs. 1 and 2 show how K varies from stage to 
stage of an ideally staged vehicle as a function of the 
motor propellant fraction A; (Continued on page 27) 
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Fig. 2. Propellant density-I, trade-off factor for ideally staged rocket 
with fixed propellant volume in each stage. (Initial propellant weight 
fraction in motor, A; = 0.90.) 
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Structures and Materials 


On the Development of Low-Cost, Formable, 


All-Metal Sandwich Panels With Corrugated Cores 


Mortimer J. Lowy, AFIAS, Douglas Aircraft Company 
Robert |. Jaffee, Battelle Memorial Institute 


A METHOD OF fabricating all-metal sandwiches by 
pressure welding the components in a hot-rolling 
operation was conceived by Dr. Robert I. Jaffee. 
This sandwich system was developed at Battelle, 
under the sponsorship of Douglas Aircraft Company, 
and is referred to as a roll-welded sandwich. De- 
velopment work on forming the panels and processing 
after rolling is being conducted at Douglas. 

A 3-ft by 6-ft panel (Fig. 1) has been successfully 
rolled of A-55 titanium by use of conventional rolling 
equipment. Smaller panels have been made of other 
titanium alloys, 15-7 Mo stainless steel, and alumi- 
num. Battelle has conducted feasibility studies of 
application of the technique to René 41, beryllium, 
molybdenum, and other metals. Work is continuing 
on these systems. Theoretically, there is no limit to 
the number of alloy systems that can be fabricated 
in sandwiches by this process. 

The sandwich system of construction for light- 
gage metal structures has long been viewed by 
structural designers as a very efficient means of ob- 
taining high strength with minimum weight for 
structures subjected to compression or bending loads. 
In general, a lightweight core is used to hold rela- 
tively thin sheets (‘‘faces’”) at an appreciable dis- 
tance from each other in a panel, thereby affording 
the panel a degree of stiffness several times greater 
than it would have if the face material were concen- 
trated in a single homogeneous sheet. Also, the core 
material supports the face sheets either continuously 
or intermittently at a pitch distance calculated to 
afford stabilization of the individual sheet when the 
sheet is loaded by a compression force lying within 


Aerospace Engineering + November 1961 


Mr. Lowy is Technical Assistant to the Chief 
of Stress, Space Systems Engineering, and 
has been associated with Douglas since 
1948. His responsibilities have included 
those associated with structural, heat-trans- 
fer and material problems encountered in 
the design of supersonic aircraft, hypersonic 
glide re-entry, hypersonic testing, solid pro- 
pellant motor cases, cryogenic tankage, and 
space cabins. Mr. Lowy received his 
B.S.M.E. at Illinois Institute of Technology in 
1944. In addition to his IAS Associate 
Fellowship, he is a member of the ARS. 


Dr. Jaffee, Technical Manager of the Depart- 
ment of Metallurgy, guides Battelle activities 
in process, mechanical, physical, fabrica- 
tion, and chemical metallurgy and metal- 
lurgical engineering. His research interests 
are reflected in the more than 100 reports 
bearing his name, and the almost three 
dozen patents based on his contributions. 
Active in technical and professional circles, 
he is Chairman of the Alloy Selection Group 
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its plane. Of course, there must be an attachment 
between face and core so that the face is restrained 
from buckling away from the core just as the core 
itself offers the restraint against buckling into the 
volume occupied by the core. 

During the past 20 years structural designers in 
the aircraft and, more recently, the missile industries 
have worked to incorporate sandwich construction in 
their designs. Many types of core configurations 
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“The pressure welding accomplished by the hot-rolling process produces 
joints in which the diffusion across the interface is complete. . . In general, 
proper control of the combination of surface preparation, rolling 
temperature, and amount of reduction results in welds in which the joints 
cannot be distinguished from the parent structures."’ 


have been made, ranging from soda straws glued 
side-by-side, blocks of balsa wood, and foamed plas- 
tics to hexagonal columns arranged in array with 
axes perpendicular to the faces (‘honeycomb core’’). 
Cores in the honeycomb configuration have been 
made of paper, fiberglass-reinforced plastic, and 
various metals. Actually, the honeycomb core con- 
figuration has given birth to a number of small 
industrial firms and, of the various core configura- 
tions, has received the most attention. In applica- 
tions where it is not necessary to provide isotropic 
load-carrying capability, a corrugated core can be 
used and is often more efficient than the isotropic or 
nearly isotropic forms. This is especially true when 
the component of compressive loading in one direc- 
tion is high and the corrugations are made to run in 
this direction. In such a case, the corrugated core 
can serve the dual function of carrying direct load as 
well as stabilizing face sheets. 

Despite the obvious advantages in structural effi- 
ciency, wide-scale application of sandwich construc- 
tion has been slow in coming. Some of the problems 
which have stood in the way have been: 

(1) Joining of sandwiches to each other and to 
other structures. 

(2) Introduction of concentrated loads into the 
sandwich structure. 

(3) Fabrication of contoured surfaces. 

(4) Cost. 

(5) Nondestructive inspection techniques and 
quality control. 

With the development of hyperperformance air- 
craft and missile and space systems, attention has 


again been focused on the sandwich structure be- 
cause of the exceptionally large exchange ratios, or 
“payoffs,” which attend structural weight-savings 
on these systems. Ironically, (Continued on page 28) 


Fig... 7: 


Finished panel (A-55 titanium; copper cover sheets not 
stripped). 
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X-15. Flight 


Norman R. Cooper, AIAS 


North American Aviation, Inc. 


- IMPORTANCE OF flight simulation in the de- 
velopment and testing of the X-15 research vehicle 
cannot be overestimated. Flight simulation has been 
used in all design and testing phases—first to sup- 
port the configuration and subsystem design; next 
to test and evaluate subsystems, displays, and con- 
trol hardware, both in prototype and in final produc- 
tion form; and finally to provide flight-test support 
and pilot training. This paper will review briefly 
the overall simulation program conducted during the 
5-year development of the X-15 and will describe in 
detail the unrestricted six-degree-of-freedom mech- 
anization which has been utilized during the past 3 
years of the program. It will describe the most im- 
portant of the many applications in which the simu- 
lator has been, and in fact is still being, utilized in 
the design, development, and flight testing of the 
X-15. Finally, it will compare the simulation re- 
quirements of the X-15 with those of more advanced 
space vehicles and attempt to interpret problems or 
deficiencies encountered in the X-15 simulation as 
they may affect more advanced space mission simu- 
lation. 

It may be said that many of the X-15 simulation 
requirements literally ‘‘grew” with the program. 
However, the major simulation objectives were evi- 
dent at an early date. These included hypersonic 
stability and control evaluation; control require- 
ments and techniques during the exit, re-entry, and 
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ballistic phase of the mission; stability augmentation 
requirements and control system design; and hard- 
ware testing of the flight control system and related 
subsystems. As described later, other equally im- 
portant objectives were accomplished as the program 
progressed. In all applications, however, it was ap- 
parent that the pilot, or operator, was required as an 
integral part of the control loop, and as a conse- 
quence the final flight control simulator as it exists 
today was included in the initial X-15 simulation 
plans. 

A review of the X-15 vehicle and its intended mis- 
sion gives an insight into the simulation require- 
ments associated with the program. Fig. 1 shows 
the X-15 vehicle and the control system configura- 
tion. The X-15 has an upper and lower movable 
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“It is believed that the X-15 simulation 
program pushed analog techniques to their limits 


.. . Based on these results, it is apparent 
that digital techniques must be resorted 


to in future simulations.” 


Symbols 
b = wingspan, ft 
C = mean aerodynamic chord, ft 
C. = chord force (nondimensional coefficient ) 
C, = rolling moment (nondimensional coefficient ) 
Cn = pitching moment (nondimensional coefficient) 
C, = normal force (nondimensional coefficient ) 
C, = side force (nondimensional coefficient ) 
G = acceleration of gravity, ft/sec? 
h = altitude, ft 
I,z = moment of inertia about X-body axis, slug-ft? 
I,, = moment of inertia about Y-body axis, slug-ft? 
I,, = moment of inertia about Z-body axis, slug-ft? 
ly = tail length, ft 
m = mass, slugs 
M = Mach number 
= roll rate 
9 = pitch rate 
go = dynamic pressure, lb/ft? 
r = yaw rate 
S = wing area 
V, = velocity of center of gravity, ft/sec 
V, = velocity component along X-body axis, ft/sec 
V, = velocity component along Y-body axis, ft/sec 
V. = velocity component along Z-body axis, ft/sec 
a = angle of attack 
8 = angle of sideslip 
6’ = differential horizontal stabilizer deflection, roll con- 
trol 
6 = horizontal stabilizer deflection, pitch control 
dy = vertical stabilizer deflection, yaw control 
® ‘= Euler angle of axial rotation, roll 
® = Euler angle of elevation, pitch 
y = Euler angle of azimuth, yaw 


REACTION CONTROL ACCELERATIONS 


@PITCH 


@ROLL - 5°/SEC? 


¢ YAW - 2 1/2°/SEC? 


AERO CONTROLS 


ALL MOVEABLE SURFACE 
@HORIZONTALS - PITCH €ROLL 
e@VERTICALS - YAW 


Fig. 1. Flight controls. 


vertical stabilizer for yaw control, and differentially 
operated horizontal surfaces for pitch and roll con- 
trol while in the atmosphere. The reaction system 
for attitude control outside the atmosphere consists 
of small hydrogen peroxide rocket motors in the nose 
and wing tips. Electronic stability augmentation in 
the X-15 consists of rate damping about all three 


axes. 
Fig. 2 


reviews the design mission and performance 


capability of the X-15. It is capable of attaining 
speeds in excess of 6,000 fps, or Mach 6.0, and alti- 


tudes to 
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500,000 ft. The (Continued on page 71) 
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Fig. 2. X-15 research system. 
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Energy Conversion 


The Magnetic Particle Clutch 


A Versatile Control Element for Rocket Systems 


Richard Grau a Bruce A. Chubb 


Lear, Incorporated 


-™ To the development of the clutch servo con- 
cept, the engineer had a choice of two conventional 
types of prime mover—(1) an electric servomotor, 
or (2) a hydraulic or pneumatic system. The servo- 
motor presented a barrier to high response with its 
low torque to inertia ratio and inherent damping. 
The electric motor also had a decided disadvantage 
in missile applications in that it was a low gain de- 
vice and therefore required a large power output 
amplifier. For missile applications, the hydraulic 
system posed a problem to the engineer regarding 
shelf life, periodic overhaul, reliability at tempera- 
ture extremes, periodic leakage checks, sedimenta- 
tion, and complexity of installation. The simplicity 
of assembly of the actuator to the vehicle just prior 
to blast-off was of utmost importance in obtaining 
high weapon mobility. Fig. 1 shows a hydraulic 
system as first used to control the four air vanes ona 
missile, in comparison with four completely separate 
electric clutch actuators, which replaced all the 
hydraulics. 

The magnetic particle clutch was developed nearly 
15 years ago to fill the need for an electric servo that 
had proportional control characteristics and re- 
sponse suitable for high-performance jet aircraft. 
Since that time, the magnetic particle clutch has 
built a proved service record of life, performance, and 
reliability in almost every field of automatic control. 
Applications in the rocket field vary from tiny in- 
strument mechanism systems, which have power 
outputs of only a few watts, to 3-hp missile guidance 
systems. The magnetic particle clutch servo has 
broken the barriers of short shelf life, low response, 
and low power gain associated with electric actuators 
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Mr. Grau is a member of the Electro-Mechani- 
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Mr. Chubb is a member of the Instrument 
Products Division. He received his B.S. in 
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of the past, and has provided a breakthrough in 
missile readiness and reliability. 

Magnetic particle clutch servos use a continuously 
rotating prime mover that may be driven by any 
convenient power source. For example, in rocket 
system applications, the power source may be a 
stored propellant, hot gas, or an electric motor 
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Theory of operation and design of the magnetic particle clutch into 

numerous missile control packages are described in detail. As case histories, 
illustrating the versatility of the magnetic particle clutch in solving rocket control 
problems, three typical servosystems are discussed: (1) a bistable actuator, 

useful in both aerodynamic control and highly sensitive engine gimbaling; (2) a 
muscle-type actuator for large rocket vane control; and (3) an instrument-type 
servo designed for a high response satellite mechanism. This example describes 
clutch applications in a typical system by the actual design of a servo capable of 
response up to 250 cps. Results of reliability and service readiness surveys 
regarding typical clutch actuators are also briefly treated. 


(Fig. 2). The prime mover is geared to two counter- 
rotating clutches. The clutch output members are 
geared to the common output. By energizing the 
proper clutch, the output may be made to go in 
either a clockwise or a counterclockwise direction. 


Clutch Characteristics 


Fig. 3 illustrates the cross section of a typical mag- 
netic particle clutch. The clutch consists of an 
electrical coil, a magnetic core structure, and a low 
inertia drive disc located in the annular air gap. 
The annular gap is filled with a finely divided mag- 
netic powder. The mechanics involved in coupling 
the torque of the prime mover to the drive disc have 
been defined by Bepristis,| and may be listed as 
follows: 

(a) When the current is passed through the wind- 
ing, a flux is built up in the ferromagnetic clutch 
housing. 

(b) In order that the flux complete its path, it 
must traverse the gap. 

(c) In passing through the gap, the flux causes 
radial alignment of the iron particles. 

(d) Since each particle is in a state of magnetiza- 
tion, it is attracted to, and also attracts, neighboring 
particles thereby forming chains across the gap. 

(e) Each particle bears down upon adjacent par- 
ticles creating a normal force. 

(f) The normal force produces a corresponding 
shear force under conditions of slip or pending 
motion. 

(g) The summation of individual shear forces is 
equivalent to a resultant shear force which acts in 
the same direction as the clutch housing. 


(h) Increasing or decreasing the total flux in the 
powder gap accordingly increases or decreases the 
normal force created by the particles and, therefore, 
controls the magnitude of the shear force. 

(i) The torque of the (Continued on page 31) 


Fig. 1. Comparison of hydraulic system and electrical clutch system for 
rocket air vane control. 


ENERGY CONVERSION 


CONTROL APPLICATION 


ANY DEVICE REQUIRING SERVO CONT- 
ROL FROM INSTRUMENT MECHANISMS 
TO ROCKET ENGINES. 


ACCOMPLISHED MISSILE APPLICATIONS 
CONTROL SURFACES 

ROCKET ENGINE GIMBALING 

ROCKET NOZZLE SWIVELING 


VALVE CONTROL 
| RECIPROCATING VANE 
or 


CLUTCHES ACT AS A SERVO VALVE 

THE FLOW OR APPLICATION 

ELEC OF AVAILABLE MECHANICAL POWER. 

Fig. 2. Typical power sources applied to the electrical clutch servo for 
rocket applications. 
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Structures and Materials 


Fig. 1. Graphite leading-edge assembly. 


= LEADING EDGE of a hypersonic glider is sub- 
jected to extreme operating environments. Design 
of such a structural component requires the con- 
sideration of many variables of flight performance re- 
quirements, vehicle geometry, material charac- 
teristics, and component geometry. The major 
design problem is to provide a leading edge which 
will resist the thermal and aerodynamic loadings im- 
posed and will not oxidize despite high operating 
temperatures. 

The many aspects of leading-edge design have 
been under study at Bell Aerosystems Company for 
a number of years. Most recently much of this ef- 
fort has been supported by Materials Central and 
the Flight Dynamics Laboratory of Wright Air 
Development Division. It is not possible here to 
discuss leading-edge design in even a general manner. 
Approximately 2,000 pages are devoted to the sub- 
ject in the final report of the Air Force contract. 

This paper will discuss the graphite leading edge 
(Fig. 1) as a structural component designed for a 
specific application, and the philosophy and methods 
of analysis used to ensure structural usefulness de- 
spite the brittleness of the construction material. 
The approach should be useful for other materials 
and other design problems. 


Statement of Design Problem 


The graphite leading edge was designed tor a hypo- 
thetical glider of global range flying from east to 
west at the equator. At the end of the 5-min boost 
phase the maximum component temperature is 


This work was supported by the USAF under Contract No. 
AF33(616)-6034, monitored by Materials Central and the 
Flight Dynamics Lab., WADD, Wright-Patterson AFB, Ohio. 
This sponsorship is gratefully acknowledged. 
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Leading-Edge Design 


Frank M. Anthony, AIAS @ Andrew L. Mistretta 


Bell Aerosystems Company 


about 2,000°F. This increases slowly to 3,000°F 
after 70 min, then decreases gradually to about am- 
bient at landing after a total elapsed time of about 
2 hours. 

During the flight, the aerodynamic heating in- 
tensity varies considerably, by a factor of 25, from 
the stagnation point to the upper rear corner. Large 
chordwise temperature gradients and high thermal 
stresses result. 

External airloadings are very low during the 
high-temperature portion of flight, but, just before 
landing, maneuvers are required. Maximum ex- 
ternal loadings on the graphite component designed 
for this program resulted from a pull-up at subsonic 
speed where temperatures are low. 

Basically these brief statements define the struc- 
tural design conditions. Since we are concerned with 
structural design, it is the low-temperature, high- 
load condition which we shall discuss. 


Description of the Graphite Leading Edge 


After extensive studies of the many variables in- 
volved, the graphite leading edge (Fig. 1) was pro- 
duced. Fig. 2 shows the component prior to coat- 
ing. The diameter of 5.0 in. was determined by 
vehicle performance requirements and the maximum 
allowable temperature of 3,000°F. Lower surface 
length, 6.50 in., was established so that the sup- 
port structure would not exceed 2,000°F, thereby 
permitting the use of conventional superalloys. 
Length of the upper chord, 4.10 in., was established 
on the basis of thermal stress minimization. Wall 
thickness of 3/8 in. was dictated by fabrication con- 
siderations. Based upon resistance to  airload 


‘stresses on the shell, a segment length of 16 in. was 


established. In Fig. 2, note the relatively large size 
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With Brittle Materials 


A rational design philosophy and analysis procedure were established to produce 
the leading edge of a hypersonic glider from graphite ¢ 


The philosophy and 


methods can also form the basis for designing other types of ceramic components. 


of the attachments dictated by the design philosophy 
and analysis methods to be discussed. The design 
approach applies to the leading-edge shell and the 
attachments. However, attachment design in- 
volves more of a structural problem and the follow- 
ing is restricted to this aspect. 


Design Philosophy 


The most important ingredient of a design philos- 
ophy for brittle materials is believed to be the 


Mr. Anthony received a B.S. in aeronautical 
engineering from M.|.T. in 1949, and has 
attended graduate courses in heat transfer 
at the University of Buffalo. His 12 years of 
experience are divided between helicopters 
and hypersonic vehicles. While with the 
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His work on hypersonic vehicles has empha- 
sized insulated and cooled structures and 
leading-edge systems, both heat resistant 
and cooled. Mr. Anthony has contributed 
to the structural aspect of various weapon 
system studies including Dyna-Soar. For 2!/: years he was Project 
Engineer on Contract AF33(616)-6034, the study outlined here. As 
Chief, Airframe Development, Vehicle Structures, Aerospace En- 
gineering Dept., he is responsible for development of leading edges, 
nose caps, structural cooling systems, and thermal protection systems. 


Mr. Mistretta received a B.S. in mechanical 
engineering from the University of Buffalo 
in 1951 and has also attended graduate 
courses there. He has 10 years’ experience 
in structural design, analysis, and testing. 
For the last 4 years, his experience has been 
in the field of elevated temperature struc- 
tures using refractory metals and nonmetals. 
He contributed to the development of a 
molybdenum leading edge and a graphite 
leading edge with temperature capabilities 
to 3,000°F. This work was performed on 
Contract AF33(616)-6034, a study of the 
utilization of available refractory metals and nonmetals for hypersonic 
glider leading edges. At present, he is Structures Engineer, Airframe 
Development, Vehicle Structures, in the Aerospace Engineering Dept. 


recognition of the absence of yielding. When the 
stress at any point in a brittle component, no matter 
how localized, reaches the limit of material capa- 
bility, fracture will result. In recognition of this 
fact, the design philosophy formulated at Bell con- 
sists of the following five concepts (Fig. 3): 

(1) Nonredundant attachments permit the deter- 
mination of loads at these points, whether the loads 
are due to externally applied pressures or relative 
deformations between the leading edge and the wing. 
If all loads are known, the part can be designed with 
confidence. 

(2) Brittle structures cannot be pulled into posi- 
tion during assembly. Any misfit which introduces 
high local stress could cause failure. Hence, this 
situation must be avoided. 

(3) Proper account must be taken of all stress 
risers due to section changes, discontinuities, locally 
applied loadings, etc. Normal analysis of ductile 
structures under static loadings neglects stress con- 
centration effects because they are reduced to in- 
significance by microscopic plastic flow. For brittle 
materials this relief is essentially absent. Stresses 
are not relieved by localized straining. 

(4) At some point the refractory nonmetallic 
component must be joined to a metallic structure. 
Since the nonmetal part is used to withstand ex- 
treme temperatures, the joint would be made at a 
more reasonable temperature, say 2,000°F, where 
superalloys could be used. Thermal expansion dif- 
ferences could be quite large. If, however, the pro- 
jections of all mating metallic and nonmetallic sur- 
faces intersect at a single point, there will be no 
changes in the fit of the two parts resulting from 
differential thermal expansion. This design rule is 
based on the fact that, (Continued on page 44) 
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Operations 


One-Shot Mission Success at Minimum Cost 


W. E. Cox, AFIAS & W. W. Harter 


Northrop Corporation, Norair Division 


D EFINING A ONE-SHOT MISSION as a mission for which 
one successful shot is all that is desired, and letting P 
be the acceptable probability of obtaining this one 
successful shot, we may regard the cost of the mis- 
sion project as the sum of three principal costs: (1) 
project basic development cost, (2) cost of any re- 
liability improvement program undertaken, and (3) 
cost of fabricating and launching a sufficient number 
of vehicles to result in the probability P that at least 
one shot will be successful. 

Determination of a minimum total cost requires a 
capability of estimating each of these three cost 
contributions. Since the number of vehicles re- 
quired is dependent upon the vehicle reliability re- 
sulting from the reliability improvement program, 
it is necessary, in particular, to be able to estimate 
the cost of the vehicle reliability improvement pro- 
gram required to obtain a given vehicle reliability. 

A survey of flight-test development histories of 
some half-dozen missiles has shown that, when re- 
duced to a common standard of complexity, environ- 
ment, and duration of flight, the reliability growths 
of the missiles against calendar time have been ap- 
proximately the same. Since these missiles were 
developed under similar philosophies, it appears 
that this similarity of growth with calendar time 
confirms that the growth has been, and is, dependent 
on the accumulated reliability improvement effort. 

Although the costs of these improvement efforts 
have not been determined for all of the missiles sur- 
veyed, the reliability improvement costs for one of 
the more complex missiles are known. Presuming 
that the improvement effort costs per unit com- 
plexity for this missile are representative of those of 
other missiles, a curve (Fig. 1) may be constructed 
showing “‘standard”’ reliability 6, obtained as a func- 
tion of improvement dollars spent ¢, per unit com- 
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Fig. 1. Standard subsystem reliability improvement cost, 
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Fig. 2. Cost vs. reliability (Example 1). 
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one-shot mission success.” 


plexity. More explicitly, p is defined as the proba- 
bility of successful operation of a subsystem of stand- 
ard complexity for 10 hours in a standard environ- 
ment, and é is the cost in dollars of the effort re- 
sulting in this reliability. Standard complexity has 
been chosen as the complexity of a subsystem equiva- 
lent to 10,000 film resistors in series; standard en- 
vironment has been chosen as average postboost 
phase environment. Fig. 1 provides a plot of the 
“best fit’’ analytical expression for é vs. p, the data 
points upon which it is based, and an extrapolation 
of the curve to higher values of € and p. The com- 
plexity of any designed subsystem may be obtained 
from a parts count of the subsystem and tables of 
relative complexity of parts, which are fairly well 
standardized throughout the industry; the com- 
plexities of a subsystem not yet designed can be 
estimated by relative comparisons with complexities 
of existing subsystems of the same type. 

It should be noted that the curve of Fig. 1 is ap- 
plicable only to subsystems of relatively high com- 
plexity. Reliability improvement effort has con- 
sisted mostly of the search for possible modes of fail- 
ure and controls to limit their chance of occurrence; 
the experienced improvement vs. cost curve of 
Fig. 1 is, therefore, applicable only when the sub- 
system is sufficiently complex to contain a number 
of failure modes sufficiently large to make the law 
of averages applicable. 

With this curve available, it is possible to define 
the scope of the reliability improvement program 
and the on-board redundancy criteria that will re- 
sult in obtaining a specified probability for success 
of at least one shot at minimum cost. This paper 
develops mathematical models for the solution of 
this optimization problem, and presents examples 


“It is possible to define the scope of the reliability improvement program 
and the on-board redundancy criteria that will result in obtaining a specified 
probability for success of at least one shot at minimum cost. 
develops mathematical models for the solution of this optimization problem 

and presents examples illustrating the application of this model to planning for a 


This paper 


illustrating the application of this model to planning 
for a one-shot mission success. 


Mathematical Model 


If an experiment requires P probability for success 
of at least one shot, the total cost C of the experi- 
ment may be expressed 


C= Ce+ Cr (1) 


where Cy = cost of fabricating, launching, and sup- 
porting the flight of the number of vehicles required 
to provide probability P for success of at least one 
shot, and Cp = cost of the reliability improvement 
program undertaken. (Continued on page 53) 
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Aerodynamics and Fluid Mechanics 


Comments on 


Aerodynamic Drag of Ground Effect Machines 


Shigenori Ando e Jun-ichi Miyashita 


Kawasaki Aircraft Co., Ltd. 


Maxy PAPERS have recently been published con- 
cerning possibility of various types of ground effect 
machines as transport vehicles. Although air cur- 
tain (peripheral jet) type has been studied more 
thoroughly than other types of GEM, nature of the 
drag still seems to be questionable. For examples, 
the authors can cite two data concerning drag break- 
down of air curtain GEM, presented by Kuhn and 
Carter! and Nixon and Sweeney.” These data show 
that the parasite drag becomes seemingly negative, 
at least at a lower speed range. H. R. Chaplin’® * 
made considerable contributions to the field of GEM. 
However, he paid no attention to the significant 
character of parasite drag in his theoretical studies 
of GEM performance.** The authors designate 
reduction of parasite drag ‘interference thrust,” and 
propose that it must be taken into account on esti- 
mating GEM performance because of its large 
amount. Investigation of mechanism of the inter- 
ference thrust may be useful to improve GEM per- 
formance or to find superior types of GEM. 


(1) Concept of Rotation Loss 


It is well known that, sufficiently rearward of 
any body, flow pattern contains the two kinds of 
flow—simply retarded (or advanced) flow, and rota- 
tional flows whose axes are parallel to the free- 
stream direction. 

Rotational flow causes ‘‘rotation loss,’’ and one can 
consider the following examples: 

(1) Trailing vortex induced by a finite span wing. 

(2) Separation vortex at leading edge of a delta 
wing. 

(3) Rotational flow in a propeller slipstream. 

(4) Trailing vortex induced by the flow ejected 
from a GEM or ram wing. 
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The last example (4) is a key point in the present 
paper. The above examples suggest that once any 
part of a fluid curls up, all the rotational energy dissi- 
pates to heat energy and does not contribute to the 
propulsive force. 

The concept of rotation loss is convenient, particularly 
in the case where one cannot know what mechanism 
causes the trailing vortices. 


(2) Similarity Between Ram Wing, Plenum Chamber 
GEM, and Peripheral Jet GEM 


First, let us consider a flow pattern around a ram 
wing (Fig. 1). The ‘internal’ flow is ejected from 
the both sides and the trailing edge. Wind-tunnel 
testing showed that one trailing vortex starts at each 
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A qualitative theory is presented on the 
aerodynamic drag of GEM's. Several 
possible methods, effective for canceling 
a major part of the momentum drag, 

are suggested on the basis of the flow 


pattern model around a vehicle. 


Symbols 
D = total drag of GEM with internal flow 
Dnom = Momentum drag 
D, = drag of GEM without internal flow 
D,' = fictitious parasite drag of GEM without internal 


flow 
Dy,» = parasite drag of GEM with internal flow 
m = mass flow rate of internal flow 


Pio = total pressure of free stream (gage) 

Py; = total pressure of jet (gage) 

S» = area of base surface of GEM 

Tint = interference thrust 

T; = jet thrust at nozzle exit 

T;’ = fictitious jet thrust 

T; = propulsive thrust produced by separate engine 
V. = velocity of free stream 

V. = characteristic velocity 

V; = jet velocity at nozzle exit 

V;’ = fictitious velocity reached by ejected air, Vv. 2P 1j/p 
W = total weight of vehicle 

a = longitudinal attitude angle (radian) of GEM, posi- 


tive when front part of GEM is up 


wing tip. When the flight altitude is very large rela- 
tive to the wing span, then the drag due to the trail- 
ing vortices is reasonably termed ‘induced drag’’— 
the drag can be interpreted “‘aft-tilt of lift vector”’ 
due to downwash. However, when the clearance 
between the lower extremity of side wings and 
ground surface is very small, the authors may hesi- 
tate to term the vortex drag “‘induced drag”’ for the 
following reasons: 

(1) The vortex-generating mechanism is very 
similar to the one in a plenum chamber GEM. 

(2) Curling up of the flow discharged under the 
side wings may be caused partly by the negative 
pressure over the upper wing surface like a conven- 


internal flow 
trailing 
side wing (end plate) 


external flow 


internal flow 


ground surface at trailing edge 


ground clearance 


(at side 


Fig. 1. Airflow around a ram wing. 


tional wing, but caused partly through flow separa- 
tion from the outer surface of the side wings. 

(3) Trailing vortices are more strongly localized 
at the wing tips than for a conventional wing—the 
situation is rather similar to tip clearance loss of 
ducted propeller. 

(4) Downwash due to finite span is much less in 
the ram wing than in the conventional wing, be- 
cause of proximity to the ground surface. 

It may be difficult and improper to calculate the 
vortex drag by integrating pressure change induced 
by the vortex over the surface. Instead, the vortex 
drag should rather be estimated by calculating 
directly the rotational energy of the fluid, in the 
whole space, added by the vortex per unit flight dis- 
tance. The latter method, of course, would be carried 
out semiempirically. 

Second, let us consider a plenum chamber GEM. 
Of particular interest and importance is the fact that 
the air ejected from the periphery (excluding some 
part of the front) may behave in a similar manner as 
in a ram wing. In fact, a plenum chamber GEM 
traveling at speed V. = V2(W/pS) = V2. 
can be regarded as a ‘‘modified’’ ram wing, because 
the power required for lift becomes very small owing 
to a ram effect. In the case of plenum chamber 
GEM, one also could observe a trailing vortex start- 
ing at each side which causes rotation loss and thus 
internal drag. According to today’s custom, drag 
resulting from internal flow is termed ‘momentum 
drag’ for a plenum chamber GEM and “induced 
drag” for a ram wing.* It is noteworthy, however, 
that drag generating mechanism is very similar for 
the both cases. (Continued on page 79) 


* Recently Chaplin treated the internal drag of a ram wing 
as a momentum drag. 
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Engineering 


Pearl |. 
Young, MIAS 


Wises AN ENGINEER overhears people talking of a 
“rare’’ document, he sidles away pretty fast because 
he is sure they are wasting work time discussing 
their latest find in some musty old bookstore. He 
should snuggle up a little closer and find out where to 
locate rare new documents in engineering—pam- 
phlets, periodicals, or books. 

For many rare items are not chronologically old. 
But the engineer has never seen them and suddenly 
up they pop in ever so many footnotes and refer- 
ences. They may be rare because they were pub- 
lished in a source or by a publisher never tapped by 
Engineering Index or Science Abstracts. 

The best thing he can do, rather than spend fruit- 
less hours in an aimless way, is to appeal to the 
better nature of a library hound; one with an in- 
tuitive feeling for sources and the memory of an 
elephant. It may be necessary to bet the hound a 
dollar he cannot locate the item, and a second buck 
that he can’t buy a copy. 

The writer’s biggest adventure in locating rare 
documents came in 1958 when departing for Europe 
on a private research hunt for material ending at 
1910. A distraught librarian deposited two slips of 
paper in my hand with the request that a few 
minutes be spent in New York and London to 
locate the items and to determine how to buy them 
for aeronautical engineers hastily being retreaded 
into space scientists. 

En route to New York, I looked at the two slips. 
The requests seemed very simple. One called for a 
group of articles on celestial navigation in Navigation; 
the other, for a book on “The Upper Atmosphere.”’ 
Both were recent. Grand Central Station is so close 
to the New York Public Library that walking is 
convenient. Experience prompted an immediate 
visit to Science and Technology. The librarian 
never hesitated. She just reached behind her on the 
shelf, handed over a few copies of Navigation and 
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Finding Rare Documents 


Miss Young has been associated with aeronautics since graduating from 
the University of North Dakota in physics and reporting for duty at the 
NACA laboratory at Langley Field in 1922. She divides her time be- 
tween technical writing and editing, and teaching physics to college en- 
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raphy of Octave Chanute (for whom the IAS awards are named), Miss 
Young is teaching physics at Fresno State College this academic year, thus 
permitting a professor to have a year's leave. 


Having just completed a definitive biog- 


suggested the writer work on that item while she 
looked up the book. 

It seemed that one didn’t subscribe to Naviga- 
tion but joined a society and this periodical came 
along. I wrote it all down on a slip of paper and 
put it in an envelope and left it open for the book 
information. This, however, was another story. 
‘The Upper Atmosphere’”’ was written by a professor 
in Calcutta and, although they could supply the 
publisher’s name, they doubted if the book could be 
found nearer than London. 

The letter mailed, back with the passport went 
the augmented book slip. Locating a rare engineer- 
ing item is easy in London only if you know Frank 
Smith—librarian at the Royal Aeronautical Society 
and author of “On the Shelf’’ in the weekly, En- 
gineering. So the book slip eventually got dumped 
on top of the clutter on Frank’s desk. Such tele- 
phoning, such waiting for calls, such digging through 
source books, such delaying of luncheon, cannot be 
detailed. But, finally, two new slips of paper were 
in my possession, each with a bookshop proprietor’s 
nameand address—both backof the British Museum, 
both importers of Asian books. So hopping on the 
bus with a map, I dismounted where the conductor 
said was the proper stop, and walked to store No. 1. 
There was a lock on the door, and a note suggesting 
“Come get me at other store,’’ which was No. 2. 
But No. 1 was correct, according to the proprietor, 
as we walked back. He had sold out his few copies 
of ‘‘Upper Atmosphere”’ very rapidly, but did have 
an invoice for the reorders. “They are likely in the 
Suez Canal,” he said, and it struck me they were 
coming by boat. All that was needed was to pay 
the whopping price for the book and leave an 
American name and address and the second com- 
mission was completed. 

Any adventure with a successful outcome is surely 
a worthwhile adventure. 
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Propellant Specific Impulse & Density 


(Continued from page 13) 
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Fig. 3. Relationships among rocket design parameters. 
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Fig. 4. Effective specific impulse as function of |, and p (Ki = 0.2). 
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Fig. 5. Effective specific impulse as function of |, and p (Ks; = 0.5). - 
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Fig. 6. Effective specific impulse as function of I, and p (Ki; = 0.8). 


and the velocity increment v;. Note that, because 
of the effect of propellant weight changes on the mass 
ratios of all previous stages, K;+1 is always less than 
K;, but the K; always converge to a finite value for 
K.. The values of K.. and the rate of convergence 
are functions primarily of the motor propellant frac- 
tion A, and the stage ratio a; The summary at the 
end of this paper gives the relationships among A,, 
ai, pi, and »,, and Fig. 3 is helpful in visualizing 
these relationships. 

Noting that for most real vehicles K; takes values 
from about 0.2 to 0.8, Figs. 4, 5, and 6 present values 
of 2 as a function of J, and p based on an arbitrary 
value of p = 1.8g X cm~*. 


Summary of Basic Relationships for Multistage 
Vehicle Performance 


A, = M,/(M,© 


M,(® 
ay = Mo /My t+ 
= (Vo + gt)/c = In 1/(1 — $1) 
References 


1Geckler, R. D., Ideal Performance of Multistage Rockets, 
J. ARS, pp. 531-536, June 1960. 

2 Leonard, A. S., Some Possibilities for Rocket Propellants, 
Part IIT, Jet Propulsion, No. 72, p. 13, June 1947. 


Notice 


Readers desiring information on English language 
translations of Soviet technical literature published 
in the U.S.—in addition to data published in AERO- 
SPACE ENGINEERING, Vol. 20, No. 7, p. 42—may re- 
quest it from the National Science Foundation or 
U.S. Department of Commerce, Office of Technical 
Services. 
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Corrugated Core Sandwich Panels 
(Continued from page 15) 


although completely satisfactory solutions had not 
been found for the less rigorous applications, these 
later problems added the environmental rigors of 
elevated temperatures. The all-metal sandwich has 
been investigated for possible applications using 
many of the metals that have favorable properties 
at elevated temperatures. Titanium alloys, steels, 
refractory metals, and the so-called “‘super’’ alloys 
have been of interest. Methods of fastening faces 
to cores by means of brazing, resistance welding, 
and high-temperature adhesives have been investi- 
gated, to mention a few. Most of these methods 
have required the use of specially developed tooling, 
and none of them allowed for forming without de- 
velopment of costly tooling. Also, the service tem- 
peratures are limited in the case of brazed and ad- 
hesive bonded systems to temperatures well below 
those permitted for the higher temperature alloys. 
The principal advantages of the roll-welded 
sandwich described here are lowest cost of any known 
all-metal sandwich, service temperature limited only 
by properties of parent metal (no adhesive or brazing 
alloy), producibility on existing rolling mill equip- 
ment with size limited only by width of mill, forma- 
bility on existing equipment (e.g., Hydropress, 


power roll, etc.), and ease of providing edge members ‘ 


and inserts for concentrated loads. 

Panels are made by first laying up the faces and 
core in a “picture frame’’ yoke with ‘“‘matrix’’ bars 
shaped to fit the core corrugations laid in place. 
Solid inserts and shaped edge members can be in- 
serted at this time. Cover sheets are placed over 
the entire assembly which is then sealed for protec- 
tion at the elevated rolling temperature. Figs. 2 
and 3 show, respectively, a schematic representation 
of the lay-up and the actual operation of laying up a 
pack. The entire pack is then heated and rolled 
parallel to the corrugations to a predetermined reduc- 
tion of thickness. This hot-rolling process produces 


Fig. 2. Elements of the sandwich pack. 
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_ and Douglas. 


a pressure-welded assembly in which the very thin 
faces and core of the sandwich are joined together 
while the matrix material supports the thin gages io 
prevent buckling and wrinkling. Some of the proc- 
essing parameters which must be predetermined in 
order to achieve successful welds include selection of 
suitable matrix material which can be removed by 
preferential leaching or other means and which has 
rolling characteristics and physical properties com- 
patible with the material chosen for the sandwich; 
choice of rolling temperature, amount of reduction, 
and number of passes to accomplish the reduction; 
and preprocessing surface treatment for contact 
surfaces. Another factor which influences the 
choice of matrix material is the effect on workability 
and formability of the panel after welding. 

The pressure welding accomplished by the hot- 


Fig. 3. Assembling elements of core. 


rolling process produces joints in which the diffusion 
across the interface is complete. Photomicrographs 
(Fig. 4) indicate that the diffusion across the joint is 
so complete that it is difficult to locate the inter- 
face after welding except for the alclad 2014 alumi- 
num alloy, in which the welding takes place in the 
alclad layers. In general, proper control of the 
combination of surface preparation, rolling tempera- 
ture, and amount of reduction results in welds in 
which the joints cannot be distinguished from the 
parent structures. Reductions of 60 to 80 percent 
have been used for the panels fabricated to date. 

After rolling, the panels are formed to desired 
shape. Pilot studies have produced single and 
double contoured parts (Fig. 5). 

Upon completion of all forming operations, the 
matrix material is removed. Up to the present, this 
has been accomplished merely by soaking the 
part in a tank of nitric acid solution until the matrix 
material is dissolved. 

Development work is continuing at both Battelle 
Studies are under way to extend the 
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system to other metals and combinations of metals, 
and surface treatments and the interplay of amounts 
of reduction and rolling temperatures with weld 
quality are being investigated. Also, studies of more 
readily removable matrix systems are in progress. 
One which holds considerable promise involves the 
use of a matrix bar that has a hole running its entire 
length. This hole is filled with a low-melting-point 
metal. The ends of the matrix bar are sealed so that 
the low-melting-temperature material will not run 
out during the panel rolling operation. After the 
panel has been rolled, the ends of the matrix bars will 
be opened and the low-temperature material melted 
out. Then the leaching solution will be able 
to attack large areas of matrix material simul- 
taneously, thereby greatly reducing the time for the 
leaching operation. Interestingly enough, it has 
already been determined in forming studies that 
much sharper radii can be formed if holes are drilled 
along the axes of the matrix bars prior to forming. 
Thus it appears that there might be a double payoff 
in the use of a hollow matrix bar. Current de- 
velopment work is concerned mainly with forming 
techniques and methods for reclaiming leaching rea- 
gents and dissolved matrix material (mostly copper 
in the work to date). 

Despite the continuing development effort, it is 
felt that the process is ready for “‘hardware’”’ applica- 
tion. The reason for this attitude lies in the fact that 
fabrication and forming of a large, “‘usable’”’ size 
panel has already been demonstrated—development 
work will merely extend the range of application of 
the system and allow for further cost-savings. 

Cost analysis of a sample 3-ft by 6-ft cylinder made 
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Fig. 4. Photomicrographs of bonds of two-layer sandwiches of var- 
ious materials. (Top left: Ti-6Al-4V alloy rolled at 1,550°F; top 
right: A-110AT titanium rolled at 1,550°F. Bottom left: Unal- 
loyed molybdenum rolled at 1,800°F; bottom right: René 41 rolled 
at 1,800°F.) 
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hydrodynamics for application in astronautics 
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areas in heat transfer. 
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consideration will be given if you have a BS. 
or M.S. plus experience. Salaries for these posi- 
tions will be top bracket for those outstanding 
engineers and scientists who meet our require- 
ments. 


Picturesque San Antonio enjoys a year round 
healthful climate. You will like the casual out- 
door living of the Alamo City. Southwest 
Research Institute is an independent research 
and development organization located on a 
1500-acre campus eight miles west of downtown. 
Our well equipped laboratories provide the 
scientific climate conducive to creativity and 
individual accomplishment. 


Please send resume and salary requirements to: 
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Fig. 5. Ejiight-in.-radius partial dome formed from 15-in. sq. pilot panel 
of A-55 titanium (copper matrix removed). 


of all-titanium, corrugated-core sandwich shows that 
the system yields parts at less than half the cost of 
the nearest known competitive process. This cost 
advantage results even when the crude, albeit 
successful, matrix removal methods reported here are 
applied and all reagent and dissolved matrix material 
are assumed to be discarded. The pie chart (Fig. 6) 
shows the relative size of the cost components in a 
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31% 
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MATERIALS 
35% 


LEACHING OUT 
COPPER MATRIX 


24% 


FABRICATION AND 


LAY-UP OF PACK 
CYLINDER 
(ROLLING) 
ROLLING OF PACK 1% 


Fig. 6. Cost breakdown for roll-welded sandwich cylinder (6Al- 
AV titanium sandwich cylinder, 3 ft diameter by 6 ft length). 


cylinder to be made of 6A1-4V titanium alloy. 
As demonstrated in this chart, 55 percent of the 
cylinder cost goes for the matrix material and the 
leaching operation. Thus, it is seen that any success 
in improving the matrix removal process or reclaim- 
ing either matrix material or leaching chemicals 
would have an excellent chance of being reflected in 
additional cost advantage for this system. No 
mention is made at this time of further implied 
capitalization cost advantages which follow from the 
utilization of existing equipment for rolling and 
forming the panels. 
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Magnetic Particle Clutch 


(Continued from page 19) 
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Fig. 3. Drive-disc type of magnetic particle clutch, rotating coil. 
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Fig. 4. Action of particles in magnetic gap. 


clutch is the product of the shear force and the drive 
dise radius. 


The characteristics of the shear surfaces occurring 
between particle layers are similar to the action of a 
fluid between two moving cylinders—that is, there 
appears to be no relative motion between the particles 
and the surfaces at the drive disc and clutch housing 
boundaries. Shearing action takes place between 
adjacent particle layers, and thereby gives the mag- 
netic particle clutch the properties of a friction 
clutch, while overcoming any limitations due to wear 
on the fixed surfaces. Fig. 4 is a photograph showing 
the action of the magnetic particles in the powder 
gap. The powder is a dry medium, and therefore the 
coefficient of kinetic friction is essentially independ- 
ent of the shearing velocity, resulting in the clutch 
torque being independent of slip speed. 


High torque-to-inertia ratios are achieved since 
the large inertia members (prime mover and clutch 
core structures) are continuously rotating and only 
the low inertia clutch drive disc must be accelerated 


to achieve output motion. Power gains of 3,000:1 
are attainable since only a few milliamps of control 
current are required for full torque output. 

The equation that mathematically defines the 
torque transmitted by the clutch is 


T = 5.59 X 10**[fK,R/A]¢? (1) 
where 
T = torque transmitted by clutch, in-lb 
f = coefficient of kinetic friction between the powder 
particles (nominal value = 0.26) 
A = cross-sectional area of powder gap normal to flux, 
sq in. 
K, = ratio of actual area occupied by particles to available 
area normal to flux path (nominal value = 0.80). 
(K, approaches unity for a finely divided powder 
of sufficient quantity to fill effectively working 
portion of gap.) 
@ = total flux through powder gap, webers 
R = radius to clutch shear surface, in. 


The total flux ¢ developed around the flux path, 
as a result of the signal current J, is given by 


= NI/(R, + =Ri) (webers) (2) 
where 
N = number of turns 
=cuwrrent, amp 
R, = effective reluctance of gap and powder combination, 
1/henries 
=R; = summation of reluctance values around iron path 


exclusive of gap, 1/henries 


Since the permeability of the iron is much greater 
than that of the gap, 


R, > (3) 
and for a gap with parallel surfaces, 
R, = 39.37 (Lg/ug A) (1/henries) (4) 


where L, = length of gap, in., and u, = permeability 
of powder gap, henries/meter. 
Therefore, the flux ¢ may be determined as 


& uy NIA/39.37 Lg (5) 


From Eqs. (1) and (5) it is seen that, if the perme- 
ability of the magnetic particle gap were constant 
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Fig. 5. Calculated and experimental torque vs. current curve. 


over the range of excitation, the torque of the clutch 
would be proportional to the current squared. An 
experimental curve and a calculated curve are shown 
in Fig. 5. The linearizing effect of the powder is 
clearly evident. There remain two regions of non- 
linearity, one near null and the other as the clutch 
becomes magnetically saturated. 


Use of a pair of biased contrarotating clutches 
directly removes the nonlinearity about null, thereby 
resulting in zero dead space and linear operation 
through the null region. The amount of quiescent 
current required is determined by the intersection 
of the extended linear portion of the torque current 
curve and the current abscissa. The bias currents 
also preload each gear of the parallel gear train in the 
same direction as its power transmission, and thereby 
effectively eliminate the backlash under all conditions 
of powder transmission and null. If the torque 
saturation is objectionable, a derated clutch must 
be used to guarantee linear operation. 


The torque output of the magnetic particle clutch 
is proportional only to the input control current and 
is independent of the slip speed (Fig. 6). The ‘‘zero 
damping” characteristic makes the clutch an ideal 
component for either the Type II proportional or the 
on-off type of control in missile systems where rapid 
response is desired. The clutch (Fig. 6) can operate 
continuously at any point under the 5-watt maximum 
rating shown. Because of the manner in which the 
torque is conveyed by the particle mechanism and 
because of the processing techniques used in particle 
manufacturing, exceptionally long life and service 
without adjustments are given by the magnetic 
particle clutch. The ability of a clutch to yield a 
constant torque for a given current after many hours 
of use is called ‘‘torque stability.”” A typical torque 


stability curve is shown in Fig. 7. 
The clutch dynamic transfer function can become 
quite complex for certain design types; the most 
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complex is required for the large nonlaminated ver- 
sions. The complexity is a result of the hysteresis 
and eddy current losses and the dynamic lag be- 
tween the magnetic flux and torque. The transfer 
function that describes the current to flux charac- 
teristics of the larger nonlaminated versions was de- 
veloped by Blackburn? and is given by 


$(s) Re + Ro kal VL? 
I(s) _ _AR(s)_ | Lu(0) VL? s/k 
Re + Ro 


(6) 


= total flux 
I(s) = signal current 


C =a constant of proportionality 

R. = core reluctance 

Ro = air gap reluctance 

AR = frequency-sensitive component of reluctance 

s = Laplace variable 

¢(0) 

(0) = static gain of total flux vs. flux density at boundary 
k = ratio of resistivity to permeability 

= plate thickness 


Because of the clutch inductance, there is also a 
lag between the voltage applied and the current. 


i 
I(s) Rs Re (7) 
E(s) (tes + 1) 
where 
I(s) = signal current, amp 
E(s) = source output voltage (unloaded), volt 
R. = clutch coil resistance, ohm 
R, = source resistance, ohm 
t = clutch electrical time constant 


L./(Rz + sec 
L, = clutch inductance, henries 


In the general case, the magnetic particle clutch 
may be defined from torque output to voltage input 
by the product of the transfer functions given in 
Eqs. (6) and (7) and using Eq. (1) to determine the 
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b Fig. 6. Torque speed and power dissipation curves. 
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NORAD ON THE ALER 


Inputs from BMEWS Provide Instantaneous Missile Data Direct to NORAD Headquarte 


From our vast outer defense perimeter, over thousands of miles, 
to the nerve center of the North American Air Defense Command 
at Colorado Springs, the most advanced concept of data handling 
and checkout is being utilized in the BMEWS system. The 
stakes are high, for the purpose is defense of the North American 
Continent. 

At BMEWS installations operated by USAF Air Defense Com- 
mand, computers read out missile tracking data from giant 
radars. This information is simultaneously relayed to NORAD’s 
Combat Operations Center. 

The Radio Corporation of America is prime systems contrac- 


tor for BMEWS. At the COC, RCA’s Display Informatig 
Processor computing equipment automatically evaluates miss 
sightings, launch sites and target areas. By means of data pro 
essing and projection equipment installed by RCA and a team 
other electronics manufacturers, the findings are displayed 4 
huge, two-story high map-screens in coded color symbols, pi 
viding the NORAD battle staff with an electronic panora 
of the North American and Eurasian land masses. 

The handling of BMEWS inputs at NORAD is an exampk 
how RCA data processing capabilities are assuring the high 4 
gree of reliability so vital to continental defense. 
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NORA RCA is prime system contractor for the sprawling RCA's Automatic Checkout & Monitoring equip- 


yrmatid D Headquarters, RCA computing equip- 

an @ the Display Information Processor (control BMEWS three-site radar network whose probing ment continuously tests and checks performance 

S sole shown here) receives sightings data from electronic fingers reach deep into space to pro- of portions of the system and alerts an operator 

ata PO¥EWS and processes it for automatic readout. vide early warning of missile attacks. when a monitored signal exceeds certain limits. 
team 

layed 

ols, pr 


anoralit of the defense needs of today a new generation of RCA electronic data 
cessing equipments has been born. For tomorrow's needs RCA offers one of 
amp ¢ nation’s foremost capabilities in research, design, development and produc- 
high 4 bn of data processing equipment for space and missile projects. For information 

8" “these and other new RCA scientific developments, write Dept. 434, Defense 
onic Products, Radio Corporation of America, Camden, N. J. 
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Fig. 9. Open-loop frequency resp of a gnetic particle clutch. 


constant relating flux to torque. Fig. 8 shows the 
electrical time constant 7, as a function of the source 
resistance. The voltage to current relationship is 
seen to be quite linear, and the time constant can 
be made about as small as desired by using a high 
source resistance. 

The closed-loop stability of a system containing 
the current to flux relationship, Eq. (6), can be deter- 
mined from a Bode plot, and the closed-loop fre- 
quency response may be obtained through the use 
of a Nichols diagram. Methods are also available 
for using root locus representation. 

The current to flux relationship, Eq. (6), essen- 


tially approaches a constant term for laminated 
core construction and/or small clutch configurations. 
For a laminated core, the resistivity becomes much 
greater than the permeability, resulting in large 
values of the ratio k in Eq. (6), and the eddy current 
function approaches unity. In addition, the core re- 
luctance R, becomes large compared to both R, 
and AR(s); therefore, the flux becomes related to 
the current by essentially a constant. Fig. 9 illus- 
trates the frequency response and linearity attainable 
with the laminated and/or small magnetic particle 
clutch. The only lag is essentially that associated 
with the electrical time constant 7. 


A somewhat less accurate but more useful form 
of the transfer function of Eq. (6) can be obtained. 
The first term in brackets can be adequately defined 
by a simple lag-lead transfer function. Blackburn 
has shown that the meromorphic function can be 
approximated by choosing a sufficient number of 
pole-zero pairs (series expansion of the third term in 
brackets). The transfer function to use in pre- 
liminary design employing the larger nonlaminated 
type would then have the form \ 


TM) _ x + + + 1) | (8) 
L Pos + 1JL(Pas + 1)(P2s + 1) 


where K, = clutch torque gain, in-Ib/amp. 
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Fig. 10. Drive-disc type of magnetic particle clutch, stationary coil. 
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Fig. 11. Coaxial type cf magnetic particle clutch. 


November 1961 + Aerospace Engineering 37 


; 
| 
a 
| 
4 
| 
50 100 150 200 250 300 350 400 450 500 
eer 
& 
ie 
4 
3 
4 


Laminated Core 


Input Pulley 
Powder Gap 


Slip Rings Output Shaft 


Ry 


Fig. 12. Drive-disc type of magnetic particle clutch, laminated. 
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Fig. 13. Barrel-type magnetic particle clutch, rotating coil. 


Clutch Configurations 


The introduction of clutches into various sizes and 
shapes of mechanical actuators has yielded a diversi- 
fied line of clutch types and configurations: 

(A) Drive-disc type (low inertia output) 

(1) Rotating coil 
(2) Stationary coil 
(3) Coaxial clutches 
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Fig. 14. Barrel-type magnetic particle clutch, laminated. 
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(4) Laminated iron core 
(B) Barrel type 

(1) Rotating coil 

(2) Stationary coil 

(3) Laminated iron core 


The most popular type has proved to be the 
rotating-coil drive-disc clutch (Fig. 3). Extreme 
smoothness and high power gains are typical charac- 
teristics. The stationary-coil type (Fig. 10) is easier 
to install, but requires higher excitation power be- 
cause of the reluctance of an additional air gap. 
Hysteresis reduction due to the extra air gap is an 
advantage. Coaxial (two-in-one) clutches (Fig. 11) 
are solutions to difficult packaging problems. A 
common iron path allows a weight-saving over the 
use of two single clutches. Clutches of the laminated 
drive-disc type (Fig. 12) appear to be the only 
answer for large high-performance applications where 
both a small time constant and a high torque-to- 
inertia ratio are demanded. 


The barrel clutch has also had widespread usage. 
Little attempt is made to provide a low inertia output 
in the design. In general, the barrel clutch is 
simpler, having fewer parts than an equivalent 
drive-dise clutch. A clutch of the rotating-coil 
barrel type is shown in Fig. 13, the laminated ver- 
sion in Fig. 14, and a stationary-coil barrel clutch in 
Fig. 15. The same remarks made for the stationary- 
coil drive-dise clutch are applicable here also. 


Typical Rocket System Applications 


It is fortunate that the magnetic particle clutch 
servoactuator concept is equally well adapted to 
provide rapid response with either proportional or 
nonproportional control methods. The clutch actua- 
tor is desirable in the proportional concept because 
(1) zero dead space and zero backlash features are 
obtainable with two clutches operating in push pull, 
and (2) the torque output is a linear function of cur- 
rent and is completely independent of speed. 


The clutch drive is also proving to be increasingly 
desirable in the more recently developed nonpropor- 
tional modes of operation (Fig. 16). Nonproportional 
control usually requires that the actuator output be 
capable of switching between states. The clutch 
type of actuator is ideally suited for this operation 
since the prime mover runs continually in the same 
direction and only the clutch output switches state. 
The tristable and quinstable modes are considered to 
be of major importance because of the reduced 
power consumption for a given missile flight. 


The magnetic powder clutch has a decided advan- 
tage over any type of spring or friction clutch in its 
capability of operating in the quinstable or even 
higher modes. This feature is possible since the con- 
trol output level of the actuator is a function of only 
the input current. The only control requirement is 
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that different levels of command error switch corre- 
sponding levels of current into the clutch. 

In comparison to a simple electric drive motor, the 
clutch type of actuator has two definite advantages: 

(1) The clutch control power required is greatly 
reduced compared with the required motor power. 

(2) The clutch actuator response is faster because 
only the low inertia of the clutch drive disc must 
be accelerated. 


Example of Nonproportional Actuator 


Fig. 17 illustrates the first typical missile applica- 
tion to be discussed. The requirement is for four 
identical interchangeable bistable servoactuators to 
be fitted around the rocket blast tube in order to 
control the position of each of the four control sur- 
faces. The actuator housing is the structural mem- 
ber and provides full support for the control surface. 
Some of the physical characteristics are as follows: 


Control power input 20 watts maximum 


Weight 9 lbs 
Output travel +90 deg 
Efficiency 50% at rated torque 


Motor power input 
Mechanical power output 


1,440 watts maximum 
450 watts maximum 


The servoactuator consists of, basically, a uni- 
directional compound-wound d.c. motor driving a 
pair of contrarotating magnetic particle clutches. 
The output shafts of the clutches are coupled to the 
actuator output shaft through three stages of parallel 
spur gearing. 

The actuator is, in itself, open loop and is part of 
the overall guidance loop that is closed through the 
missile aerodynamics. The actuator operates con- 
tinually in a bistable mode, being full-on in either 
one direction or the other. Using the bistable control 
mode, the missile is subjected to a constant low- 
amplitude roll oscillation. This continually stresses 
the missile structure in roll, thereby providing stiff- 
ness in the longitudinal axis. The actuator driving 
source need not be a proportional amplifier but only 
an electronic switch. Still another advantage to bi- 
stable operation is that nearly full actuator torque 
is applied at all times and the output shaft is con- 
tinuously in motion, thereby resulting in greater 
sensitivity since the friction and stiction characteris- 
tics become negligible. In this particular applica- 
tion, worm gearing was not required and, therefore, 
spur gearing was used for greater efficiency. A 
worm gear drive provides more complete load isola- 
tion, and may be incorporated into the magnetic 
clutch servoactuator when specifications require. 


Lending itself directly to bistable operation, the 
clutch actuator combines the features of the low iner- 
tia output drive with the high inertia prime mover to 
obtain the fast response required for the modern 
rocket. On the one hand, the clutches provide a 
unique, rapid-reversal coupling device between the 
prime mover and the control surface, enabling the 


Stationary Cai! Assembly 
; 


Fig. 15. Barrel-type magnetic particle clutch, stationary coil. 
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Fig. 16. Nonproportional modes of control. 


missile control surface to obtain the desired rate or 
position in a minimal length of time. On the 
other hand, the prime mover provides the static 
torque-speed curve needed to accomplish a required 
power level with a minimal amount of overdesign. 
The high inertia of the prime mover and clutch 
housings provides a flywheel effect enabling the 
actuator to sustain high peak loads and also con- 
tribute to a low drift rate. If properly utilized, the 
flywheel effect can also reduce the power require- 
ment of the motor and power supply. 


Three actuator dynamic requirements typifying 
the performance specifications associated with bi- 


Fig. 17. Missile flight control servo. 


November 1961 + Aerospace Engineering 


4 
= 
| | | 
1} 
| 
| 
‘a 
— 
er vane RAM TYPE 
SONNECTOR 
APES 
aoe 
AERODYNAMIC j 
CONTROL SURFACE 


40 


COMMAND INPUT A -6 VOLTS 


20 CYCLES/SEC SQUARE WAVE 


COMMAND SIGNAL TURNED ON 


-1500 INCH POUNDS 


CLUTCH TORQUE Tg, sec 
T,=6n10°3 SEC 


#1500 INCH POUNDS 


Aver 


APPLICATION OF 400 INCH POUND UNBALANCED 
LOAD ON OUTPUT SHAFT 


MOTOR LOAD TORQUE Ty 


INCH POUNDS 


CLUTCH TORQUE RELIEVED FROM DRIVE 
MOTOR ONCE CLUTCH OUTPUT IS 
ACCELERATED UP TO HOUSING SPEED 


+1500 INCH POUNDS 


UNBALANCED LOAD ACCELERATING MOTOR 


UNBALANCED LOAD DECELERATING MOTOR 


5 RAD/SEC 


MOTOR SPEED Gu MOTOR TURNED ON a 


MOTOR SPEED REFLECTED TO LOAD 


DRIVE MOTOR SLOW DOWN CAUSED BY 


ORAD/SEC 
sec UP TO NO-LOAD SPEED TRANSIENT PERIOD 2 TIME SCALE 


MOTOR AND CLUTCH HOUSING TIME CONSTANT 


CM=.02 SECONDS 
TRANSIENT PERIOD! te 


INPUT SHAFT RATE e RATE IN SAME DIRECTION 
AS LOAD UNBALANCE 


RATE IN OPPOSITE 
DIRECTION OF 
LOAD UNBALANCE 


3 
rit 7 


+5 RAD/SEC 


-5 RAD/SEC 


MAXIMUM DRIFT RATE: 


OUTPUT SHAFT DISPLACEMENT ©, 


+10 DEGRESS 


0.2 SEC * 22.5 DEG/SEC 


J. 0.8838 IN SEC? 
20 SECONDS 


-10 DEGREES 
3 DEGREE OSCILLATION OF 
OUTPUT SHAFT RESULTING 
FROM 20 CPS COMMAND IMPUT 


Fig. 18. Bistable actuator drift characteristics. 


stable operation are maximum drift rate, dead time 
to speed, and recovery time. The clutch servo is 
able to excel in each of the aforementioned figures of 
merit because of the combination of low inertia 
output and high inertia input. 


Maximum drift rate: The drift rate of a bistable 
actuator is a measure of the actuator’s ability to 
ignore a load disturbance. The rate is defined by 
the number of degrees the control surface will drift 
per second when the input is symmetrically switched 
while an unbalanced load is applied. The larger the 
drift rate, the more deviation in attitude the rocket 
will obtain, when an unbalanced aerodynamic load 


ret 
Marlhoru 
Fig. 19. Muscle-type clutch actuator. 
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is applied, before the guidance loop can compensate. 

The clutch actuator achieves a low drift rate by 
rapidly coupling the control surface to a relatively 
slow response prime mover thus effectively holding 
back the control surface. The primary considera- 
tion in determining drift rate is the fact that, when 
the control surface is accelerated up to the reflected 
motor speed, the output shaft can then further in- 
crease only if (1) the larger motor and clutch housing 
inertia is accelerated, or (2) the clutch torque is 
exceeded by the load so that the clutches are made 
to slip. 


In one specific actuator, the unbalanced aero- 
dynamic load specified is 4 times less than the 
available clutch torque, and the motor and clutch 
housing inertia is 40 times greater than the clutch 
output and load inertia. Therefore, since neither of 
the previously mentioned conditions can take place, 
the control surface is “locked” to the motor. To 
obtain a desired drift rate, the control surface must 
be made to accelerate rapidly to the reflected motor 
speed. This is accomplished by properly choosing 
the clutch time constant 7, and the output torque- 
to-inertia ratio. 


Fig. 18 shows the actuator response from motor 
start to insertion of a 20-cps input signal, and then 
application of a 400-in-lb unbalanced load. It is seen 
that the resulting drift rate is 22.5 deg/sec. It is also 
seen that the amount of drift is the same for each 
cycle. This drift rate can be reduced, if required, 
by use of a laminated clutch and/or a nonreversible 
worm and gear segment. 


_ Mathematically, the drift rate may be calculated 
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by following closely the actuator’s behavior for one 
complete cycle. 

Dead time to speed: Another criterion of bistable 
actuator performance is the time required to reach a 
predetermined speed. This is a measure of the 
actuator’s ability to respond rapidly to a command 
input. It is defined as the time it takes for a bistable 
actuator to reach 63.2 percent of the control sur- 
face rate when the input command is switched to one 
of the on-states. 

Recovery time: A figure of merit with regard to the 
ability of a bistable drive to recover from a stall 
condition is its recovery time. With the clutch 
actuator design concept, the output shaft may be 
stalled by application of the maximum aerodynamic 
torque, causing the clutches to slip. The drive 
motor continues to run at a decreasing rate, depend- 
ing upon its speed-torque curve. The actuator re- 
covery time, once the stall torque is removed, de- 
pends upon clutch response, drive motor response, 
and length of time stall torque was applied. 


Muscle-Type Actuator 


A large missile vane control servo is shown in 
Fig. 19. The rugged construction is required to 
withstand the blast-off vibration and acceleration. 
This unit contains two drive-disc type clutches 
which are rated at 175in-Ibs. The actuator specifica- 


tions and performance are tabulated here for refer- 
ence. 


Unit Specifications 


Unit weight 48.8 lbs 
Maximum output speed 17 rpm 
Maximum output torque 16,000 in-lbs 
Peak output power 1.36 hp 
Rated load 1,400 in-lbs 
Total travel +27 deg 


Duty cycle 5 min on, 25 min off, 
without cooling 
Unit includes position feedback transducer, velocity trans- 


ducer, and RIV filter. 


Dynamic Performance 
Bandwidth (with inertia load) 
Accuracy 
Stiffness under load torque 


2.5 cps 
0,04% 
7,000 in-lbs/deg 


With a larger motor, this unit could easily deliver 
3 hp. 


Examples of Proportional System With 
250-cps Bandwidth 


Fig. 20 shows the mechanism involved. The servo 
is required to position the slide in a satellite mech- 
anism. This is accomplished by using a rack con- 
nected to the slide and two pinions connected to 
the counterrotating clutches, thereby achieving zero 
backlash. The clutches are driven continuously by 
the motor. The follow-up consists of a conductive 
plastic linear potentiometer connected directly to the 
output. The actuator uses two miniature barrel- 
type clutches as shown in Fig. 13. Some of the 
specification requirements are listed in Table 1. 


Table 1. Miniature Clutch Servo Requirements 
Servo 
Specification Requirement Capability 
Maximum slide velocity 25 in./sec 30 in./sec 
Maximum slide acceleration 100 in./sec? 1,130 in./sec? 
Stroke of slide +0.5 in. +0.5 in. 
System static positional ac- 
curacy (with 0.316-lb fric- 
tion) 0.005 in. 0.0002 in. 
System damping (equivalent 
to second order) 0.3 to 0.7 0.45 approx. 
Servo must follow a +0.010- 
in. amplitude input at 5 
rad/sec smooth and witha 
phase lag less than 3 deg 0.6 deg 
Bandwidth: Servo must have 
less than 90-deg phase lag 
at 80 cps 250 cps 


Because the magnetic particle clutch torque output 
is independent of speed, the clutch is capable of pro- 
ducing a Type II servo. The clutch servo may be 
reduced, if desired, to a Type I by adding output 
rate damping. Type II servo theory shows the 
servo to have zero positional error with both static 
and constant velocity conditions. A constant posi- 
tional error exists only during periods of constant 
acceleration. The Type II system was chosen be- 
cause better accuracy and faster response are ob- 
tainable. 


Fig. 21 shows a mathematical block diagram of the 
system. To obtain a Type II system, it is necessary 
for the total open-loop transfer function to contain a 
double-integration term (1/s?). Considering a sys- 
tem with inertia load, clutches, amplifier, and 
follow-up (the system of Fig. 21 without the com- 
pensating block), the open-loop transfer function 
would be 
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Fig. 20. Diagram of a clutch-type linear servoactuator. 


Fig. 21. Mathematical block diagram of a Type Il clutch servo. 
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Output _ Xo(s) 


Error E(s) 
(N/R) [1\/M] __Kr/M__ 


The closed-loop transfer function would then be 


Output _ X0(s) 1 


Input Xin(s)  [Mre/Ky] + [M/Kr]s? +1 
(10) 


This indicates an absolutely unstable system (the 
coefficient of the s+! term is zero) with zero damp- 
ing. Damping may be introduced into the system 
in the form of either output or error rate. If output 
rate is used (such as velocity generator feedback), 
the open-loop transfer function has the form 


Ky 
E(s) + tes + 1) 


(11) 


The use of a velocity generator will stabilize a 
clutch system, but it is noted that the resultant 
system is Type I. The Type II capabilities may be 
maintained by using error rate rather than output 
rate damping. This may be accomplished by using a 
passive electronic lead network. The voltage output 
to voltage input transfer function for the network is 


Vout(s) = Ki(n s+ 1) 
Vints) +1) 


(12) 


where <7 and Ky = T2/ Th. 
The open-loop transfer function of the complete 
servo then becomes 


Xo(s) Ka(ns + 1) 
E(s) S*(tes + 1) (72 5 + 1) 


(13) 


where Ka = Kr/M = servo acceleration constant, 
and Kr = KsK,KaK- [N/R] = servo force constant. 
The closed-loop transfer function becomes 


WES 1S 1 
(14) 
X in(S) TeT2 Te + 72 
Ka 


Ka 71S 


Using Routh’s test for stability, it is seen that the 
servo is stable with error rate damping, provided 
that 


m1Te + — Ka > (te + 72)? (1) 


The individual component parameter values were 
determined to satisfy the inequality shown in Eq. 
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(15), as well as to provide adequate phase margin 
and damping. 

Fig. 22 illustrates the frequency response ob- 
tainable with the clutch Type II actuator. The 
theoretical linear curve is shown, along with a small 
signal hardware test curve which closely follows the 
linear curve because the high force gain makes the 
friction essentially negligible. For large-amplitude 
inputs, there are two saturation characteristics that 
must be considered as shown in Fig. 21—torque 
saturation caused by magnetic flux saturation of the 
clutch core, and velocity saturation since the 
maximum speed of the clutch output is equal to the 
clutch housing speed. 

The effect of torque saturation is seen in Fig. 22 
with larger input amplitudes. The curves are typical 
of Type II systems since the torque saturation effec- 
tively lowers the force gain and thereby decreases 
the bandwidth and phase margin. The decrease in 
phase margin shows up in the increased resonant 
peaking and rapid phase fall-off. The response 
curves follow the linear results until saturation oc- 
curs. The effect of velocity saturation is not ap- 
parent from the frequency response plot because, for 
sinusoidal inputs, the acceleration limit is dominant. 
For step inputs, the velocity limit would yield a 
greater rise time for larger step amplitudes. 


Clutch System Reliability and Shelf Life 


Since production first started on the particle 
clutch type of servo, considerable reliability data 
have been accumulated. Most of the statistical 
data available are from the numerous aircraft em- 
ploying the clutch servo. 

An extensive survey of 2,800 autopilots disclosed a 
total of only 185 failures in approximately 478,000 
hours of operation. Since each autopilot has three 
clutch servos, this gives a mean time to failure for the 
servos of 7,750 hours. Assuming a 2-hour average 
mission time, the reliability index is 0.9998. Addi- 
tionally, a 6-month survey revealed that, of 1,800 
servos in operation, only 17 required any servicing. 

Another survey of 125 autopilots showed three 
servos (roli, pitch, and trim) to have an EMTBF 
of 3,300 hours, resulting in a reliability index of 
(.9998. The pitch trim servo displayed an EMTBF 
of 30,000 hours with a 0.9999+ reliability index. 


+ 


A third survey of 27 autopilots showed the roll, 
pitch, and yaw servos to have an EMTBF of 5,143 
hours, resulting in a reliability index of 0.9996, while 
the pitch trim servo yielded an EMTBF of 25,718 
hours and a reliability index of 0.9999+-. 

These three reliability surveys pointed out the 
high reliability obtainable with the clutch-type 
servos. Another form of reliability that is of special 
interest to missile engineers is shelf life. Shelf life 
of any unit is, of course, a debatable concept and may 
be measured only through actual field experience. 

Various data corroborate the claim to “‘long shelf 
life’ associated with clutch-type actuators. Tests 
were conducted on one servo which was stored for 5 
years after it had completed 1,000 hours of service 
in an autopilot system. It was found that the slope 
(pound-inch/milliamp) of the torque current curve 
(clutch gain) had changed from 5.8 before use to 
5.0 after 1,000 hours’ service and was 4.7 after a 
5-year storage period. In January 1958, three servos 
were removed from Government bond and submitted 
to various tests. These actuators were fabricated in 
the first half of 1951 and so were at least 61/2 years 
old at the time of the test. They were first sub- 
mitted to production acceptance tests and all were 
close to the nominal, well within the allowable limits. 
Following the acceptance tests, all three were sub- 
mitted to a life test, using the original qualification 
test cycle. One servo completed 268.75 hours, the 
second 345.5 hours, and the third 1,634 hours ot life. 
Cause of failure of the first two units was gear fail- 
ure due to lubricant breakdown, and the third unit 
was still operating satisfactorily when the test was 
terminated. From test data, Lear has concluded 
that the magnetic particle clutch servo can be 
logically expected to produce desired performance 
after at least 5 years of storage and to have ade- 
quate reserve life to provide typical missile opera- 
tion reliably. 
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Brittle-Materials Leading-Edge Design 


(Continued from page 21) 


while the dimensions of a structural element change 
with temperature, all angles remain constant. 

(5) Because of the brittleness of the material and 
the lack of yielding capability, the stress concentra- 
tions produced by material flaws precipitate ma- 
terial failure. (The term material flaws refers not to 
defective materials as such, but rather to those 
macroscopic or submicroscopic items—such as in- 
clusions, voids, density variations, lattice defects, 
etc.—which cannot be detected by available inspec- 
tion techniques and are an inherent characteristic 
of the particular material as produced by present 
technology.) Since the flaws are a random occur- 
rence, the design allowable strength must be based 
upon a desired probability of survival under given 
loading conditions. The flaw concept appears to be 
most satisfactory in defining the structural perform- 
ance of brittle materials—particularly, a Weibull 
statistical distribution function. The effect of the 
unknown flaws or stress concentrations within the 
material may be treated on a statistical basis as an 
effect on the allowable stress—that is, allowable 
strength values are chosen to ensure a prescribed 
probability of survival. This procedure requires 
that material strength properties be determined 
statistically by conducting tests of a large number of 
specimens for each experimental condition. Further- 
more, since the presence of other than gross flaws 
cannot be detected by currently available inspection 
techniques, it is necessary to relate allowable stresses 
to a particular process control procedure in order to 
ensure similarity between the test bar and com- 
ponent material. 

Fig. 4 illustrates the fifth concept of the design 
philosophy. We have a plot which essentially depicts 
the variability of various refractory nonmetals. The 
ordinate is a safety factor, the ratio of mean strength 
to the strength at a prescribed probability of sur- 
vival. The abscissa is a material constant m, an 


Fig. 2. Graphite leading edge prior to coating. 


Aerospace Engineering + November 1961 


index of the number of flaws, derived from fitting 
the Weibull] distribution function to the experi- 
mentally determined data. Two survival rates are 
shown along with m values for various materials. 
Of the materials investigated at Bell, m values 
ranged from about 1.5 to 15, with the higher values 
representing the more reproducible materials. Mild 
steel at room temperature, which was not part of our 
evaluation, has an m of 58 and requires a safety 
factor of almost negligible magnitude, 1.1 to 1.2. 
If we take as examples the most variable and least 
variable materials investigated, we have 


m 99% 99.99% 
1.5 19 300 
15 1.4 1.9 


That is, for a material which has an m of 15, the 
mean strength must be divided by 1.4 to obtain an 
allowable strength at which the chance of fracture 
is only 1 in 100. With graphite, as used for the 
present leading edge, the m value is about 8, which 
requires that the mean strength be divided by 1.7 
in order to give an allowable stress that will ensure 
that the chance of fracture is only 1 in 100. 


Method of Analysis 


In discussing methods otf analysis for brittle 
materials, the factors which may influence the 
strength of such a component, for a material whose 
processing and inspection is well controlled, include 
stress state, size, strain rate, temperature, and— 
for some materials—atmospheric conditions. 

If the material performs according to Weibull’s 
statistical function, stress state and size effects may 
be predicted from analytical relationships. At the 
present time, however, it is desirable to define experi- 
mentally these and the other effects. The analysis 
of a component, then, requires consideration of these 
factors in addition to the inclusion of stress concen- 
tration effects. For a potentially critical cross sec- 
tion, stresses are found by standard analysis methods 
and multiplied by the stress concentration in that 
region. This maximum local stress is then com- 
pared with the design allowable strength, the mean 
strength as corrected for the following: 


(1) Desired probability of survival. 

(2) Type of stress at the cross section—bending, 
torsion, tension, compression. 

(3) Size of the cross section. 

(4) Rate of load application. 

(5) Temperature at the cross section. 

(6) Atmospheric conditions. 


From this it is obvious that the problem in 
analyzing brittle structures is that of establishing 
the design allowable strength. Experimental] evalua- 
tion programs must be designed to yield the required 
information. 

During the extensive evaluation of the mechanical 
properties of siliconized ATJ graphite, the varia- 
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Fig. 3. Design with brittle materials. 
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Fig. 4. Variation of material safety factor with material constant m. 
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(c) THREE POINT ATTACHMENT FOR LARGE SEGMENTS 


(b) SINGLE POINT ATTACHMENT FOR SMALL SEGMENTS 
Fig. 5. Basic attachment schemes for leading-edge segments. 
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Fig. 6. Standard lug attachment. 


bility of coating thickness on a single specimen re- 
sulted in the overshadowing of many of these effects. 
It was necessary, therefore, to use bending strength 
results as the basis for analysis. Corrections with re- 
gard to stress state were made by use of analytically 
derived relationships. Size effects were not included. 
The strain rate effect was overshadowed by other 
variables and had to be neglected. Temperature 
effects were accounted for by employing strength 
data obtained at various temperatures. All tests 
were conducted in air to simulate atmospheric 
conditions. The method applied to obtain design 
allowables for the ATJ graphite, as well as the 
various stress-state interrelationships, are presented 
in the Appendix. 

The evaluations of uncoated ATJ graphite were 
limited to room temperature bend tests at a slow 
strain rate. Therefore, the allowables established 
for the attachments subjected to experimental 
evaluation, to be discussed later, were corrected only 
for the desired probability of survival and analytically 
derived corrections for stress size. Size effects were 
neglected, but both the bend test material specimens 
and the typical attachments were evaluated in air 
at slow strain rates and at room temperature. Cor- 
rections for these effects should therefore be negli- 
gible. From the bend test bars, the average strength 
was 3,400 psi which when corrected gave a design 
allowable of 2,000 psi for a 99 percent survival. 


Attachment Designs 


Arrangements for attaching the leading edge to 
the wing are shown in Fig. 5. Both meet the design 
philosophy previously discussed, plus the additional 
requirement that restraint of thermal deformations of 
the leading edge be minimized. This latter require- 
ment minimizes shell thermal stresses. The three- 
point attachment is well suited for leading edges of 
large diameter. Each attachment takes loads in 
only one plane. This is ensured by deflection clips 
or hinges designed into each support truss. The ver- 
tical trusses accommodate axial growth by deflec- 
tion of these clips. Rotational restraint is eliminated 
by the use of spherical bearings. 

In the single-point attachment, all loads and 
moments are resisted at one point. Relative de- 
formation problems between the leading edge and 
the wing do not induce extraneous loads. 

Since the graphite leading-edge design had a large 
diameter, the three-point arrangement was selected, 
and the most promising attachment was a design 
referred to as the standard lug (Fig. 6). This design 
is easy to machine as an integral part of the leading 
edge, enables incorporation of a spherical bearing, 
involves relatively simple metal parts, and ac- 
commodates differential thermal expansion. How- 
ever, the concentration factor due to the hole must 
be considered, and the resulting size is quite large. 
The spherical bearing is carried in a metal housing 
which is tapered to fit into a tapered hole in the 


November 1961 «+ Aerospace Engineering 


aa 
3 
] 
H 
ae 
| 
RZ 
% 
WASHER 
GRAPHITE WASHER 
: 


Fig. 7. Standard lug test failure. 


graphite lug. The housing is held in place by a 
washer and nut. A graphite washer is used so that 
the apex of the tapering cone intersects the plane 
of the flat metal washer. This ensures that the fit 
does not change despite temperature changes. In 
this design a good fit is required at the taper but other 
tolerances are easily accommodated. The spherical 
nut is used to avoid problems in perpendicularity 
between the axis of the hole and the face of the non- 
metallic. 


Comparison of Predictions and Test Results 


For this and other promising attachment designs, 
typical assemblies were fabricated and tested. Some 
typical fractures were tensile fracture through the 
hole in the standard lug (Fig. 7), tensile fracture of a 
protrusion loaded in shear (Fig. 8), tensile fracture 
for a single-point attachment loaded in tension 
(Fig. 9), and complex fracture for a single-point at- 
tachment loaded in bending (Fig. 10). 

Experimental and analytical results are compared 
in Table 1, which lists the various designs, along with 
the types of loading and failure loads which may be 
compared with predictions based on design allow- 
ables for 99 percent survival probability and with 
predictions based upon mean strength. In no case 
did failure occur below the design load. In most 
cases the fracture load was in reasonably good agree- 
ment with the failure load predicted on the basis of 
mean strength, ranging from 0.7 to 1.5 of the mean 
predicted failure load. 


Table 1. Summary of Attachment Tests 


Predicted Failure Load - Lbs 
Failure Load One Failure 


Type of Attachment Type of Loading Lbs in One Hundred Mean Strength 
Standard Lug Bare Tension 1800 800/640(1) 1320/1050(1) 
Standard Lug Coated Tension 850 700/560(1) 1240/9901 
ATJ 
External Lug Bare ATJ Bending load on one leg 1180 480 780 

of "V" groove 
External Lug Bare ATJ ‘Shear on one strap seat 140 
Redesigned External Shear on strap seats 1050 790 1360 


Lug Bare ATJ 


Single Point Attachment Tension 1720, 1640, 2500 914 1550 


1840, 2380 


Single Point Attachment Bending 414,391,414. 341 580 


(1) Loads calculated by use of theory of elasticity. The other loads were calculated by use of stress 
concentration factors. 
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The promising results obtained from these tests 
and the potential usefulness of the standard lug type 
of attachment led to the investigation of various lug 
geometries (Fig. 11). Lug proportions were varied 
and a simplified geometry was used rather than the 
tapered hole. Failure loads were predicted on the 
basis of tension allowables and bending allowables 
for survival probabilities of 99 and 50 percent. Com- 
parison of experimental failure loads and predicted 
values are shown in Table 2, which lists types of 
specimen, predicted fracture loads based on 99 
percent survival and on average strength for both 
tension and bending stress states, and failure loads. 
The predicted failure loads were based on two sets 
of data—first, tests of specimens cut from random 
graphite blocks, and second, tests of specimens cut 
from the blocks used to produce final leading-edge 
shapes. The lug specimens were machined from 
surplus material from the leading-edge blocks. The 
tension allowable employed was based on an analyti- 
cal correction of bend test data. The correction fac- 
tor was a function of the material constant m. For 
the random block tests, analysis of the data gave 
m = 8, while for the specimens cut from the leading- 
edge blocks m = 18. 

For specimens of Types A, B, and C, there were no 
failures below the design load which is based on an 
allowable stress corresponding to a 99 percent sur- 
vival. The average strength of each of these three 
designs agrees very well with the failure load pre- 
dicted on the basis of average bending strength of the 
leading-edge block material. 

The agreement for the Type D specimens is not 
as good. These specimens were the same as the 
Type B but twice as wide. A size effect should have 
been found and it was. Comparing the experimental 
data for specimens of Types B and D indicates that 
doubling the thickness increased the strength by 
an average factor of only 1.4 rather than 2.0. This 
does not agree very well with the factor of about 1.9 
expected from analytical considerations. However, 
size effect aside, comparison of experimental and 
analytical results for Type D specimens indicates 
reasonably good agreement between actual and pre- 
dicted failure loads. 

Aside from further demonstrating the general 
suitability of the design test methods employed, 
these results can be used to gain specific information 
about design procedures. Since the net cross-sec- 
tional area for lugs of Types A, B, and C was the 
same, fracture loads should have been the same if 
stress concentrations could be neglected. Compari- 
son of predicted and measured fracture loads indi- 
cates that concentration factors must be included 
and that the factors used in the design work are ap- 
proximately correct. Design allowables based on 
bend tests should be used when stress gradients 
exist (Fig. 12). The average strengths measured dur- 
ing the tests have been plotted and compared with 
bending and tension allowables. The use of tension 
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allowables is seen to be quite conservative. Better 
correlation is obtained with bend allowables. The 
use of m = 18 also provides better correlation be- 
tween experimental and analytical results than m = 
8. This might be expected since the lug test speci- 
mens were cut from leading-edge block material as 
were the test specimens which gave m = 18. The 
use of the lower m value is conservative. 


Testing of Graphite Leading-Edge Assembly 


The graphite leading-edge assembly was subjected 
to three types of test which included (1) static load 
to failure at room temperature, (2) moderate time- 
temperature cycling to obtain thermal strain data, 
and (3) time-temperature cycling to simulate flight 
conditions. 

Results of the static test have not been thoroughly 
analyzed as yet. The assembly failed at 170 percent 
of design limit load, with fracture occurring in a 
metal part. This precipitated fracture of the graph- 
ite leading edge at several locations. At several 
locations the cracks went through strain-gage grids. 
This should provide an indication of fracture strain. 

Thermal strain measurement analysis has not 
been completed either. Preliminary indications 
show only fair comparison between measured and 
calculated strains. 

The major testing involved five cycles of simu- 
lated flight which attempted to follow the program 
shown in Fig. 13. Limitations of available quartz 
lamp radiant heaters prevented the attainment of 
3,000°F. A maximum temperature of about 2,300°F 
was achieved and held constant from one side of the 
program to the other. The first assembly tested 
withstood the test conditions, for five cycles. There 
were no structural failures, although oxidation re- 
sistance was not completely adequate (Fig. 14). 
Some oxidation failures are obvious. These pro- 
gressed quite gradually. After the first cycle, the 
specimen appeared to have suffered no damage. 
Redesign of the edge to minimize oxidation failures 
in these areas would be a relatively simple matter. 

A second graphite leading-edge assembly tested 
under the simulated flight temperature history failed 
structurally during the first cycle. The failure was 
attributed to insufficient clearance between the hori- 
zontal truss and the upper cover panels, which intro- 
duced loads into the center lug. Post-test examina- 
tion indicated an available clearance of 0.010 in. at a 
place where it should have been 0.030 in. 

The component test results further illustrate the 
potential usefulness of brittle materials in structural 
applications. 


Conclusion 


All indications point to the fact that brittle 
materials can be used for reliable structural com- 
ponents, such as leading edges, if proper design 
philosophies and methods are employed. In the work 
described, brittleness was recognized. The construc- 


Fig. 8. External lug test failure. 


tion material was characterized as to variability by 
means of experimental observation and statistical 
method. Sound design principles were formulated 
to eliminate indeterminate load distribution and to 
account for tolerance problems, stress concentrations, 
differential expansions, and material variability. 
As a result, comparisons of experimental results with 
analytical expectations have been very encouraging. 

The magic material which the airframe industry 
wanted yesterday has not been developed even 
today. Chances are that we shall not have it 
tomorrow either. However, many interesting non- 
metals, having brittle characteristics, are currently 
available or semiavailable for use in air at tempera- 
tures up to 3,000°F. These might be used suc- 
cessfully if enough effort is expended in learning 


Table 2. Summary of Stress Concentration Specimen Testing 


Predicted Failure Load - Lbs 
Tension Allowable Bend Allowable 
Average 99% Average Failure 


Specimen Type Survival Strength Survival Strength Load- Lbs 
A 435 
0.250 in. hole 441 
1.250 in. lug dia. 480 
0.500 in. thick 333 


463 
450 
125(205) 215 (285) 180 (250) 310 (350) Av. 434 


B 627 

0.500 in. hole 580 
1.500 in. lug dia. 600 
0.500 in. thick 563 
535 

190(305) 320(425) 270 (370) 460 (520) Av. 581 

Cc 757 

1.000 in. hole 730 
2.000 in. lug dia. 742 
0.500 in. thick 627 


803 


260(425) 445(595) 375 (520) 640 (730) Av. 732 


D 817 
0.500 in. hole 928 
1.500 in. lug dia. 705 
1.000 in. thick 930 


688 


380(610) 640(850) 540 (740) 920(1040) Av. 813 


Note: Numbers in parentheses are predicted failure loads based on 
large bending specimens tested after Battelle Memorial Institute had 
completed the testing program reported in reference 3. 
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Fig. 9. Test failures of single-point attachment tension specimens. 


414 POUNDS 391 POUNDS 414 POUNDS 411 POUNDS 403 POUNOS 


Fig. 10. Test failures of single-point attachment bend specimens. 


how to design with them. The primary need is for a 
better understanding of the strength behavior of 
nonmetals. Currently available statistical theories 
are of great help, but they do not account for all ob- 
served characteristics. Improved and more compre- 
hensive behavior theories are needed; so are more 
refined structural analysis methods. Better testing 
techniques and equipment would permit a more ac- 
curate determination of material performance which, 
in turn, would permit more effective use of the ma- 
terial. Efforts to improve the reproducibility of 
nonmetals are also desirable. Both processing re- 
finement and inspection technique development 
should be pursued. These items, and others of a 
similar nature, represent refinements required to 
extend and exploit the sound approach presented 
for the use of brittle materials in reliable structural 
components, such as leading edges for hypersonic 
gliders. 


Appendix |. Tentative Design Allowables for 
Siliconized ATJ Graphite 


This Appendix discusses the method of establish- 
ing design allowable strengths for a brittle material, 
and presents tentative strength allowables for sili- 
conized ATJ graphite used at Bell for design of the 
graphite leading-edge component. 

Of the statistical theories available, Weibull’s 
theory of strength showed the most immediate 
promise of predicting certain aspects of brittle mate- 
rial behavior, and this was the theory applied. The 
relationships formulated for various stress states and 
size effect from Weibull’s theory’ * were considered 
adequate for the design of components whose func- 
tion was to demonstrate feasibility. 
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The following relationships which have been de- 
rived from Weibull’s theory of strength are: 


Stress State 
[2 + 1) 


Oa V, 
[ + 1) (2m + 
2(m + 2) Vz 
or | 2Xm+2)Ve 
where 
a) = average bending or allowable stress 
oq = average tension or allowable stress 
or = average torsion or allowable stress 
m = Weibull’s material constant 


V, = volume of material in bending 
Va = volume of material in tension 
Vr = volume of material in torsion 


m+ 1 
rom + 1) ) 


2m + 1 m 
+ 1) + 1) 


Tr gamma function 


Size Effect 


Far (Var/ Vas)" 
ors/ Orr = (Vr,/ 
where 
oos = average failure stress or allowable of small 
bend specimen 
Oo, = average failure stress or allowable of large 
bend specimen 
Gas = average failure stress or allowable of small 
tension specimen 
Ca, = average failure stress or allowable of large 
tension specimen 
ors = average failure stress or allowable of small 


torsion specimen 

or, = average failure stress or allowable of large 
torsion specimen 

Vos = volume of small bend specimen 

‘yx = volume of large bend specimen 

Vas = volume of small tension specimen 

Vaz = volume of large tension specimen 

Vrs = volume of small torsion specimen 


Vr, = volume of large torsion specimen 


or for size effect for any stress state 


(V,/Vs)" 


where 


os = failure stress of small specimen 


or, = failure stress of large specimen 
Vs = volume of small specimen 
= volume of large specimen 
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TYPE A TYPE B TYPE C TYPE D 


0.250 IN.HOLE DIA OSOOIN.HOLE DIA |.OOO IN.HOLE DIA 0.500 IN.HOLE DIA 


1.250 IN.LUG DIA 1.500 IN.LUG DIA 2.000 IN. LUG DIA 1.500 IN.LUG DIA 
0.500 IN. THICK 0.500 IN. THICK 0.500 IN. THICK 1.000 IN. THICK 
Fig. 11. Stress concentration specimens, graphite. 
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(b) PREDICTED FAILURE LOADS BASED ON TENSION ALLOWABLES 
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Fig. 12. Predicted failure loads for stress concentration specimens. 
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Fig. 13. Temperatures of graphite leading edge during boost and 
glide (D = 5.0 in, A = 60°, W/SCx = 150 psf, € = 0.55). 


From the foregoing relationships, it can be seen 
that if a material is defined by Weibull’s theory, the 
results of strength tests for one stress state may be 
used to determine the average failure stresses in the 
other stress states. The effect due to size may also 
be determined. Weibull’s theory states that the 
material constant m should not vary with stress 
state, so that m determined in one stress state may 
be used in other stress states. Plots of stress ratios 
vs. m for the various stress states for equal volumes of 


’ 


Fig. 14. Graphite leading edge after approximately 10 hours at 


elevated temperatures. 


material are shown in Figs. 15, 16, and 17. Fig. 18 
is a carpet plot showing the effect of size for any 
stress state with parameters of stress ratio, volume 
ratio, and the material constant m. 

The design of the leading-edge component was 
based on results from bare and coated large bend 
specimens. The design data presented here must 
be considered to be tentative since the coating is still 
in its developmental stage and it was not possible to 
isolate completely the effects of the coating variation 
from the material variables under investigation. 
The effect of coating variations were of the same 
order of magnitude as some of the effects investigated 
experimentally, such as strain rate. Despite the 
limitations, the tentative design allowables estab- 
lished are considered adequate tor the design of com- 
ponents whose function is to demonstrate feasibility. 

During testing of the large coated bend specimens, 
it was observed that the coating cracked during the 
initial stages of loading, leaving the substrate to 
carry the entire moment until failure. The failure 
mechanism of the coating was not fully understood 
at the time so that the failure stresses were calculated 
by assuming an elastic beam having the cross-sectional 
dimensions of the substrate only. The coating was 
considered to be 0.030 in. thick. Later in the pro- 
gram it was found that the coating on the tension 
surface cracked but the coating on the compression 
surface retained its load-carrying capacity, making 
the foregoing analysis of failure stresses somewhat 
conservative. 

The Weibull material constant m was obtained 
from the following relationship which was derived 
in reference 3: 

a? (2/m)| 


where 


a = standard deviation 
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Fig. 15. Variation of bending to tension stress ratio with Weibull 
material constant m. 
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Fig. 16. Variation of bending to torsion stress ratio with Weibull 
material constant m. 
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Fig. 17. Variation of tension to torsion stress ratio with Weibull 
material constant m. 
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It should be noted that the material constant #7 
may also be calculated from the stress-state and size- 
effect relationships, but since the only test data 
available when the leading-edge component was de- 
signed were one stress state and one size, the rela- 
tionships could not be used to determine m. 

The following tabulation shows the average frac- 
ture stresses, calculated from the beam flexure equa- 
tion assuming 0.030 in. of coating thickness and ma- 
terial constant m at the test temperature. 


Average Material 
Temperature, Fracture Stress, Constant 
°F psi m 
80 3,080 7.5 
2,000 4,160 7.3 
2,500 4,050 14.5 
2,750 4,360 7.8 


For purposes of the leading-edge study, a survival 
probability of 99 percent at ultimate loads was con- 
sidered adequate for design. A plot of probability 
of failure vs. allowable bend stresses (Fig. 19) shows 
that, at 1 percent probability of failure (99 percent 
probability of survival), the allowable stress is 1,800 
psi. A component stressed to 1,800 psi at ultimate 
load would be stressed to 1,200 psi at limit load 
(ultimate load equals 1.5 times limit load). At 
limit load this would correspond to a probability of 
failure of 0.06 percent, or 99.94 percent probability 
of survival. In terms of number of components, 99 
percent survival corresponds to 1 failure out of 100 
components, and 99.94 percent survival corresponds 
to 1 failure out of 1,665 components. Thus, at limit 
load the probability of survival is much higher than 
at ultimate load. The factor of safety with regard 
to probability of survival between limit and ultimate 
condition is approximately 17; with regard to load, 
it is only 1.5. 

Fig. 20 presents the variation of factors of safety 
vs. the material constant m for various probabilities 
of survival. The average tailure stress in bending 
vs. temperature, as well as the 99 percent probability 
of survival stresses, are shown in Fig. 21. At tem- 
peratures above 2,000°F, the average strength and 
the 99 percent probability curve have reverse trends. 
The average strength curve dips at 2,500°F, whereas 
the 99 percent probability curve peaks at 2,500°F. 
The material constant at 2,500°F was approximately 
twice the value at the other test temperatures, and, 
with this higher value of the material constant, a 
lower factor of safety was applied to the average 
failure stress. To be conservative, since the reason 
for the increased value of m and the decrease in the 
average strength at 2,500°F (graphite has the well- 
known property of increasing in strength with tem- 
perature) was unknown, the allowable stress at 
2,000° F was used for all temperatures above 2,000°F. 

By use of Figs. 15 and 16 the allowable stresses in 
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the other stress states were obtained as the following 
stress ratios: 


Allowable Ratio 
Temperature, Bend Stress, Bending Bending 
°F psi Tension Torsion 
80 1,760 1.45 1.130 
2,000 2,310 1.45 1.132 
3,000 2,310 1.45 1.132 


By dividing the allowable stress in bending by the 
stress ratio, the allowable stress may be found for a 
volume of material equal to the bend specimen, in 
tension or torsion. The allowable stress in compres- 
sion was taken as twice the allowable stress in bend- 
ing, which is conservative. Effect due to size may 
be included, with the use of Fig. 18. Size effect 
was not included in the analysis of the leading-edge 
component. The allowable stresses as determined 
from the bend specimens were used. 

The design allowables as established in this Ap- 
pendix were obtained by transforming the coated 
specimens to bare graphite and then obtaining the 
properties. It may be reasoned, therefore, that it 
would be satisfactory to use allowables obtained 
from bare specimens, but this is not the case. The 
coating lowers the strength of the graphite substrate. 
The reduction in the strength of coated specimens is 
apparent in Fig. 22, which shows—for both coated 
and uncoated specimens—the variation of bending 
stiffness and fracture moment with specimen grain 
direction. The degree of the reduction in strength 
depends upon specimen orientation, with specimen 
cut zero-degrees to the grain direction having the 
largest reduction in strength. The coated specimens 
showed a mark increase in bending stiffness between 
the 22'/. and 45-deg specimens, with the bending 
stiffness remaining essentially constant beyond that 
point. A more complete discussion of the effect of 
the coating on the properties of ATJ graphite is 
included in reference 3. 


Appendix Il. Repeated Load Considerations 


The question of the effect of repeated loadings on 
brittle components has been raised. This Appendix 
presents the limited information available and out- 
lines some aspects of the problem. 

Little is known of the effect of repeated loads on 
the structural integrity of a brittle material structure. 
Limited test data may shed some light on the ques- 
tion, although they are not considered conclusive. 
A standard lug made in bare ATJ graphite (identical 
to the standard lug shown in Fig. 7) was subjected 
to 300 repeated load cycles which were varied trom 
0 to 1,200 to 0 Ibs without failure. Static load was 
then applied to failure, which occurred at 1,800 lbs. 
This failure load was identical to the bare standard 
lug reported in Table 1. The lug reported in Table 
| was tested first, and the repeated load cycle for 
the second lug was arbitrarily taken as two thirds 
of the failure load, or equal to 1,200 Ibs. It will be 
noted that two predicted failure loads are given in 
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Fig. 18. Variation of small specimen to large specimen stress ratio 
with volume ratio and Weibull material constant m. 
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Fig. 19. Variation of probability of failure with allowable bending 
stress for m = 7.5. 
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Fig. 20. Variation of material safety factor with Weibull material 
constant m for various probabilities of survival. 


Table 1 for the bare standard lug, 800 and 641 Ibs. 
The predicted load of 800 lbs was calculated by 
means of stress concentration factors and the 641 Ibs 
by use of the theory of elasticity. For this discussion 


November 1961 + Aerospace Engineering 


4 
| 
ia> 0000 
| 
= 


52 


STRESS , Psi 


AVERAGE BENDING STRESS 
4000 
3000 a 
ALLOWABLE BENDING STRESS— 
2 
ALLOWABLE BENDING 
STRESS USED FOR 
TEMPERATURES 
ABOVE 2000 F 
0 500 1000 1500. 2000 2500 3000 


TEMPERATURE, °F 


Fig. 21. Variation of average and allowable bending stress for 99 
percent probability of survival with temperature. 


the S00-Ib load will be used, since use of the theory 
of elasticity leads to a more conservative lug design. 
The 1 failure out of 100, or the 800-Ib load, is con- 
sidered the ultimate load for the standard lug so 
that the limit load is 535 Ibs. The repeated load 
which was applied then was 1.5 times ultimate design 
load which could have caused failure with the ap- 
plication of such a load to a metallic structure, but 
in the case of most metals the allowable stresses are 
well defined. The allowable stresses in a brittle 
material are not well defined, but are based on a 
given probability of failure, in this case 1 out of 100. 
Assuming that the material did follow a mathe- 
matical law, 1 specimen out of 100 would fail at or 
below the ultimate design load and the other 99 
would fail above the ultimate design load. Both 
lugs failed at loads 2.5 times the ultimate design 
load, which is not considered unusual for the limited 
number of specimens tested. 

Repeated load tests were also conducted on a 
subsequent external lug attachment specimen. A 
repeated load of 750 Ibs was applied to the specimen 
which was again two thirds of the failure load of 
1,050 Ibs reported in Table 1. Failure of the speci- 
men occurred after 15 cycles. In this case, the re- 
peated load was only 95 percent of the ultimate 
design load or approximately 140 percent of limit 
load. 
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Fig. 22. Anistropy of ATJ graphite as indicated by bend tests. 
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With only two tests, no conclusions may be drawn 
as to the effect of repeated loads. It should be 
pointed out that when metallic structures are cle- 
signed for static loads, the effects of stress concentra- 
tions are not included and problems may arise when 
fatigue enters the picture. When designing with a 
brittle material, severe stress concentrations are 
avoided, if possible, and the effects of stress concen- 
trations are included in the static strength analysis. 
Hence, one of the basic problems which has plagued 
metal components—stress concentrations which re- 
sult in premature failures—is considered in detail 
for nonmetallic components. Normally, repeated 
loads are lower than static design loads so that in- 
clusion of stress concentration factors in the static 
analysis of brittle material parts should tend to re- 
duce potential problems from repeated loads. 

Let us extend this point of view, in a speculative 
manner, to the material behavior. For ductile ma- 
terials, minute defects such as inclusions, etc., do not 
affect static strength but do reduce fatigue strength. 
For brittle materials, such defects do reduce static 
strength. It might be reasoned, therefore, that the 
ratio of fatigue strength to static strength should be 
larger for a brittle material than for a ductile ma- 
terial. Unfortunately, the fatigue strength of 
brittle materials has not been investigated. How- 
ever, this line of reasoning would tend to suggest that 
repeated loadings may not be so detrimental to 
brittle materials as they are for ductile materials. 

To explore the effects of repeated loadings fully, 
a large number of tests must be performed because 
of the variability of a brittle material. The primary 
objective of the program under which this work was 
performed was to determine the feasibility of design- 
ing a structural component which would be useful for 
five missions, and thus the effects of repeated load- 
ings with the use of stress concentration factors were 
considered adequately covered. When coating de- 
velopment has progressed further so that oxidation 
is not the criterion which determines the life of a 
structural component, then repeated loadings may 
assume greater importance. 
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One-Shot Mission (Continued from page 23) 


The number of vehicles launched, v, is related to 
the probability of success for any one shot, P,, by 
the relation 


n = [log (1 — P)]/[log (1 — P.)] (2) 


The total cost, excluding reliability improvement 
costs, of launching » vehicles may be expressed 


Cr = n(Cr + Cz) + Cc, (3) 


where Cy = cost of fabricating and delivering one 
vehicle, C, = cost of launching and supporting the 
flight of one vehicle, and Co = nonrecurring costs, 
including design development, ground support equip- 
ment, etc. 

Cost Cy may be assumed proportional to the total 
complexity of the vehicle. Letting AK; be the non- 
redundant complexity of the 7th ‘‘in series’’ vehicle 
subsystem and m; the number of each ith subsystem 
used for ‘‘stand-by” redundancy, then the total 
complexity of equipment associated with the 7th 
function in one vehicle is m;K ;, and 


N’ N 
Cr = Ki+ mi. | = 


i=1 t=(N’+1) 


i=l 

where ky is a constant, N is the number of “in 
series” subsystems in the vehicle, and N’ is the 
numberof those subsystems for which no stand-by 
redundancy is possible. 

Similarly, assigning the cost of any booster used in 
launching (and not developed for the particular 
project) to the cost of launching, and assuming that 
the cost of such boosters is a function of the weight 
(and, therefore, the total complexity) of the vehicle, 


For the ith vehicle subsystem, the cost of the 
reliability improvement program may be expressed 


Cri = K; (é; Ew) (6) 


N N 
Cr = Cri = K, (& — (7) 
where (Pj, Cio) is the point on the curve (Fig. 1) at 
which the ith subsystem may be regarded as located 
at the beginning of design development of the 
vehicle, and (f;, ¢;) the point to which this sub- 
system progresses as a result of the reliability im- 
provement program. 

The reliability of one set of ith subsystem equip- 
ment for a mission requiring 10¢; hours of operation, 
in an environment of severity s; relative to the stand- 
ard environment, is then given by the expression 


Kisit 


bi = Di 


Letting be be the reliability of the ith function, 
composed of m, stand-by redundancies of the sub- 
system whose reliability is p;, the reliability of the 
ith function may be expressed 

The reliability of one vehicle is then 


P, Pr II pi” = [1 ( (9) 


where p, is the probability of successful booster 
operation. 


Total cost C, Eq. (1), can then be written 


N N 
C= mK, + mk.) + C, 


i=1 


N 
+> Ki (&— &),m; = 1lfori =1,...,N’ (10) 
i=1 


where 
log (1 — P) 
"= 
& = fr (p) (Fig. 1) (12) 


The problem of finding the set of values of p,, 
m,, and n which minimize C can be reduced to that 
of finding the set minimizing 


N 
C’=C- (C, + K; Cio) 
i=1 


N N N 
(13) 
under the condition 


log (1 — P) 
Kisitiymi 
log {1 — pr J}, 
m, = 1lfort =1,...,N’ (14) 


Procedures for solving this minimization problem 
are derived and applied to typical examples in the 
next section—first, for the special case of no on-board 
subsystem redundancies. 

Special Case 

Assuming no on-board redundancies, or m,; = 1, 

and letting K = >) K;, Eqs. (13) and (14) for this 
i 


special case reduce to 
N 
C=n | Ker + fr (K) | + (15) 


log (1 — P) _ keg 1 = P) 
log [1 — (1 — Pu) 


(16) 


Finding the values of p; which minimize C’ is 
separated into two steps, the first of which is the 
establishment for any and therefore P,, of 
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N 
by in terms of p; minimizing ifr(p;). Assume 
i=l 


fr(p) to be given by the analytical expression of 
Fig. 1, € = fr(p) = A log log 1/6 + B. Then the 
minimization may be accomplished by the method of 
Lagrangian multipliers, letting 


N 
F(p;, A) = > K, (A log log 1/p; + B) 
+ — 
and employing the conditions 0F/0p; = 0, OF + 
OA = 0, or 
K,A 
I — P,/p, = 0 
Jj 
Substituting from the second equation into the 
first, 
A/log Di = —Asit; pr 


Dividing the first of Eqs. (17) by the ith, the 
following relationship is obtained: 


It follows from Eqs. (17) and (18) that 
Py /pr = II 


ll Kjsjtj 


log 


The minimization of C’ may then be accomplished 
by plotting Eq. (15) against f;, using Eqs. (18) and 
(19), thereby graphically determining the minimum 
value of C’ and the value, fix, of ; which provides 
this minimum. The cost of the effort to be expended 
then on reliability improvement of the 7th subsystem 
is 


(19) 


Cre = Kilfe (in) — i (20) 


The reliability expected to be obtained for each 
subsystem is 


and the number of vehicles to be built and launched 
is 
log (1 — P) 
n= (22) 
log (1 — 

This special case is applied to an experiment for 
which it is presumed that a 95 percent probability 
of success of at least one shot is needed for a vehicle 
made up of a guidance and control subsystem, 7 = 1, 
a power supply subsystem, 7 = 2, and an instru- 
mentation subsystem, 7 = 3. Cost, mission opera- 
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tion, and subsystem complexity parameters are 


given by Fig. 1 and Example 1. 


Example 1 
Sy = So = $33 = 1 
ty = 6,42 = 6,4 = 0.1 
Ky = 1, K, = 0.2, K; = 0.5 
Pio = Pro = PL >1 
Cio =0 
kr = ().2(10)® dollars 
fi (K) = [0.1(10%) + 2(10)*K] dollars 
C, = 15(10)8 dollars 
a = 0.95 


Employing the foregoing values, Eqs. (15) and 
(16) become 


C’ = 3.84(10)°m + 1.2 fr(pr) + (23) 


_ __log (0.05) 
log (1 — 


A plot of total program cost C vs. p; (Fig. 2) is 
the same curve that would be obtained by Eq. (23) 
except that its ordinate is greater by the fixed 
amount C,. Values of p; for which n, the number of 
launches, is an integer are indicated by the markings 
in the curve representing C. This plot shows that 
Aim = 0.935, minimum program cost Cy = 63(10)° 
dollars, and n is four. Components of C are also 
plotted in Fig. 2 to show their relative contribution 
to the total cost; a tabulation of these is presented 
in Table 1. 

For this particular example it is evident that a 
significant difference is indicated in reliability im- 
provement expenditures for the three subsystems; 
note that no funds at all should be spent on reliability 
improvement of the instrumentation subsystem. 
This example also indicates that the reliability im- 
provement expenditure required to result in a mini- 
mum cost program may exceed by a substantial 
amount the basic design development cost. 

Although the basic design development, fabrica- 
tion, and launch support cost data employed for this 
example may appear to be somewhat on the low 
side for the type of mission chosen, it is apparent 
from Fig. 2 that the effect of an increase in these 
costs would be to raise the curve for C,, thereby 
moving the minimum cost point to the right and re- 
quiring higher reliability improvement expenditures. 


(24) 


Table 1. Cost Components for Minimum Total Cost 
Program (Example 1) 


Cost, 
Item Dollars 107° 
Fixed cost (basic design development) 15 
Fabrication and launch costs for four 
shots 16 
Reliability improvement costs: 32 
Guidance and control (Subsystem 1) (27) 
Power supply (Subsystem 2) ( 8) 
Instrumentation (Subsystem 3) ( 0) 
Total 63 
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Reliability improvement costs for the optimum pro- 
gram would, therefore, still amount to about 50 
percent of the total program cost, even though the 
basic cost figures were increased. 


General Case 


The method used in the preceding section to ob- 
tain the minimization of Eq. (13) under condition 
(14) for the special case m; = 1 is applied here to 
the general case. Let 


(Mix, Mor, ... Me... Mynx), Mix = = i. 


be a given set of values of m;; then for this set of 
values of m, and for any , the relationships between 
p; minimizing 


N N 
Ki fr(p) = K; [A log log + B] 


and therefore C’ of Eq. (13), under the condition 
(14) are, by the method of Lagrangian multipliers, 
those values of ),, with A, minimizing 


F (bi, 4) = [A log log + B] 
7, Kisitiy mi Pu 5 
i PL 
The following minimization expression results: 


AK; 


bi log pi 
(1 = py Kissy mie] = | (26) 
j#1 | 
| 
i Pi 
Letting 
pe (27) 
Eq. (26) may be written 
AK, 
bog (1 — =a) +r mi ( qig Xx | 
II (1 — q,"") = 0 
por ( qi ) (28) 
(1— = — | 
i Pi } 
Multiplying the first equation by 
1 
and using the second relationship, 
AK (qi, Mix) => \(Pu/Pr) (29) 
where 
1 m 
X(q, m) = (30) 


m(1 — q) gt log (1 — q) 


TT 


00) 


Fig. 3. Plot of q vs. X. 


X(q, m) is plotted against g for various values of m 
(Fig. 3). 
Dividing the ith Eq. (29) by the first equation, 
K 
X(qi Mx) = X mix) (31) 
Since /; is related to q; by definition (27), Eq. (31) 
provides in terms of minimizing Ki 


for any value of m—that is, for any value of fy, p; 
can be determined from Eqs. (27) and (31). 

As in the preceding section, the set of values pi 
(mu,..., Myx) Minimizing C’ for a given set of 
values (mi, . . . , Myx) can now be found graphically 
by plotting C’ against f; By determining and 
comparing Pi (my, ..., Myx) over the complete 
set of integral values of (my, ..., myx), the values 
of m, and p; minimizing C’, and therefore C, are 
obtained. * 

This procedure is next applied to two examples: 

(a) Example 2 is similar to Example 1 of the pre- 
ceding section except that it is presumed that part 
of the guidance and control subsystem, the power 
supply subsystem, and the instrumentation sub- 
system may be made redundant. 

(b) Example 3 is a much longer mission but re- 
quires guidance and controls and power supply sub- 
systems of relatively low complexity. 


Example 2 
Letting that portion of the guidance and control 


* A simple analytical solution exists! for the case n = 1, pi, 
and therefore gq; fixed and known, and q; < <1. In this case, 
the problem reduces to minimizing 


under the constraint 


is 


t 


and by the method of Lagrangian multipliers used in the 
foregoing, it can be shown that m; values are given by 


K,/log qi 
(1 — P/P,) 
Kj/log q; 
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subsystem which is not capable of redundancy be 
denoted by the subscript 1, and the remainder by 
the subscript 4, we then give the basic data for this 
example as follows: 


Si =S =a = 1 

=6,4=-6,4 = =6 

Ki = 0.4, Ke = K3 = 5, Ky 0.6 
Pio = P20 Po = pro, PL >1 

Cio = 0 


gi ) from Fig. 1 
= (.2(10)8 dollars 


fe 1(10)6 + 2(10)8 dollars 


= 15(10)§ dollars 
m, = 1; me, m3, and m, may be varied 
P = 0.95 


(See also Example 1.) 

The values of m; and p; which provide the mini- 
mum C’ were determined graphically by plotting C’ 
for various values of m;. Fig. 4 presents plots of C’ 
for several values of m;, including those giving the 
lowest cost. A cost tabulation for the minimum cost 
point of the two best sets of m; for an integral value 
of is presented in Table 2. 

Comparison of the minimums for the no-redun- 
dancy case of Example 1, (1,1,1,1,) with (1,3,1,2) 
makes it readily apparent that a considerable cost 
savings is realized by the application of redundancies. 
Table 2 shows that little difference in total program 
cost exists between the (1,2,1,2) redundancy case, 
which requires three launches, and the (1,3,1,2) case, 
which requires only two to achieve the necessary 
probability of mission success; a significant dif- 
ference does, however, exist in the program cost dis- 
tribution. 


Example 3 


In this illustration a mission of 1,000 hours’ dura- 
tion is assumed with guidance and controls sub- 
systems 1, 2, 3 (subsystem 1 being incapable of re- 
dundancy), a power supply subsystem 4, of very low 
complexities, and an instrumentation subsystem 5. 
The low complexities are assumed to illustrate ap- 
plication of the optimization model to developments 
reflecting advances in fabrication process tech- 
nologies which may be realized in the next 5 or 10 


Table 2. Cost Components for Minimum Total Cost 
Programs (Example 2) 


mi: (4,2,1,2) (1,3,1,2) 
3 2 


n: 


Cost, 
Item Dollars X 1076 
Fixed cost (basic design development) 15 15 
Fabrication and launch costs 15.7 11.6 
Reliability improvement costs: 28.2 32.1 
Guidance and controls 
Subsystem 1 (12.6) (14.8) 
Subsystem 4 (12.6) (15.0) 
Power supply (Subsystem 2) (3.0) (2.3) 
Instrumentation (Subsystem 3) (0) (0) 
Total 58.9 58.7 
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Fig. 4. Cost vs. reliability and redundancies (Example 2). 


years. The assumed values of all parameters are: 


= 1 
ty = to = ts = ty = 100, ts = 0.2 
K, = 0.05, K. = 0.06, K; = 0.05, Ky = 0.04, Ks = 1.5 


Pio P20 P40 Pio = 0.55 


kr = 0.2(10)8 dollars 


fr = + 4(10)$ dollars 


fr(p) from Fig. 1 


C, = 20(10)8 dollars 
m, = 1; me, ms, m4, and m; may be varied 
P = 0.95 


Plots of cost C’ are shown in Fig. 5 for the no- 
redundancy case and the two lowest cost redundancy 
combinations, (1,3,3,3,1) and (1,3,3,4,2). The pro- 
gram cost breakdowns for the latter are shown in 
Table 3. 

As was the case with Example 2, a cost savings is 
realized by the application of redundancies. The 
minimum program cost is obtained for the redun- 
dancy set (1,3,3,3,2), employing a single launching; 
the program cost indicated is $45,400,000. It is ap- 
parent that reliability improvement costs—$10,400,- 
000, for this example—are much smaller than for the 
previous examples owing to the assumption of less 
complex subsystems. It should be recognized that 
the cost figures used for fabrication, launch, and 
basic development, though adequate for this illus- 
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tration, are hypothetical and may not be realistic 
for the type of mission assessed. 

If the same subsystem performance requirements 
and associated complexities which exist today were 
required for this 1,000-hour mission, the resulting 
program cost would be in the $300—400 million range, 
assuming that the same fabrication and launch cost 
constants and factors apply. 


Conclusions and Comment 


Application of the reliability optimization model 
derived in the preceding section to three one-shot 
mission examples shows that considerable savings in 
overall cost are probable through such systematic 
trade-off calculations. It is believed, too, that the 
examples show that an effort in reliability improve- 
ment of considerably different magnitude than might 
be generally assumed is required for such missions. 
In the 60-hour mission example, the optimum relia- 
bility improvement effort was 50 percent of the total 
experiment cost and amounted to $32 million of a 
total cost of $63 million. This is believed to be more 
money than would usually be allocated to relia- 
bility improvement, even if one trial instead of the 
optimum number of four were optimistically 
planned. 

Application of this approach requires use of the 
basic relationship between reliability improvement 
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Fig. 5. Cost vs. reliability and redundancies (Example 3). 


Table 3. Cost Components for Minimum Total Cost 
Programs (Example 3) 
mi: (1,3,3,3,1) (1,3,3,3,2) 
n: 2 1 
Cost, 
Item Dollars X 
Fixed cost (basic design development) 20 20 
Fabrication and launch costs £25 15 
Reliability improvement costs: 9.1 10.4 
Guidance and controls 
Subsystem 1 (3.6) (4.2) 
Subsystem 2 (2.3) (2.7 
Subsystem 3 (1.9) (2.0) 
Power supply (Subsystem 4) (1.3) (1.5) 
Payload (Subsystem 5) (0) (0) 
Total 46.6 45.4 


effort cost and the reliability resulting from this ef- 
fort as shown in Fig. 1. It has already been pointed 
out that the Fig. 1 curve is calculated and extrap- 
olated from actual, but somewhat limited, data. 
It should be noted, too, that, although the curve is 
applicable to other than ‘‘one-shot’’ projects, it is 
not applicable to some types of project. For in- 
stance, the specific Fig. 1 curve is not applicable to 
most airplane and some ground support system de- 
velopments in which that portion of the reliability 
improvement effort concerned with disclosure of 
possible modes of failure—contributing a sizeable 
portion of Fig. 1 costs—can be largely absorbed in 
costs charged to training and actual operational 
testing. 

Whereas the on-board redundancy model can be 
applied to ‘‘element” as well as “subsystem” stand- 
by redundancy possibilities, some modification 
should be made to allow for finite probability 
“switching”? mechanism failures if applied to com- 
plex element-redundant networks. Also, as pointed 
out earlier, the improvement-cost vs. reliability- 
obtained curve of Fig. 1 is not precisely applicable 
to subsystems of too-small complexity. From 
strictly a cost standpoint, the model can be applied 
to cover consideration of manual ‘“‘switching.” 

If the approach described in this paper is used in 
planning the development of ‘one-shot’ mission 
projects, it should also be pointed out that such use 
should be recognized in the proposal request initiat- 
ing the project. That is, the requester either should 
perform the optimization calculations and then 
specify the resulting number of vehicles to be 
launched, general on-board redundancy requirements, 
and the magnitudes of subsystem reliability im- 
provement programs, or else should specify the re- 
quired probability of experiment success and require 
that the bidder furnish and justify the optimization 
plans. 


Reference 


1 Moskowitz, F., and McLean, J. B., Some ‘Reliability As- 
pects of Systems Design, IRE Trans. on Reliability and Quality 
Control, Sept. 1956. 
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Radioisotope Auxiliary Power (continued from page 9) 


Table |. Typical Radioisotopic Heat Sources 


-— Estimated Costs— 


Mode of Density ——Power (Thermal)——. ($/ watt) 
Nuclide Decay Half Life Fuel Form (g/cc) (watts/cc) (curies/watt) Current Projected 
aipha 138 days Po 9.3 1,320 31.2 
Cm? alpha 162 days Cm:03 11.75 1,169 27.2 80* 45* 
Pu2s alpha 86.4 years PuC 12.5 6.9 30.3 1,600 
Cel44 beta 285 days CeOz 6.4 12.5 128 87 14t 
Pm!47 beta 2.6 years Pm:03 6.6 1.1 2,700 3,000 1,630T 
Cs!87 beta 33 years CsCl 3.9 0.27 320 500 54t 
Sr” beta 28 years SrTiOs 4.8 0.54 153 455 23t 


* Radiation cost not included (increase is @ $100/watt). 
+ AEC estimates based on construction of major separation facility. 


research in this direction. 


SNAP Devices 


Research and development of 
isotope-fueled generators for use in 
space has been in progress since 1956. 
A well-diversified group of generator 
designs has resulted (Table 2): SNAP 
3, a 2.8-watt, 6-month thermoelectric 
generator is now operational; SNAP 
1A, a 125-watt, l-year thermoelectric 
generator is in the advanced hardware 
stage; and a curium-242 fueled therm- 
ionic generator is also in the testing 
stage. Design configurations have been 
established for additional thermoelec- 
tric generators with power capabilities 
from 10 to 100 watts and operational 
lives up to 10 years. Table 2 lists 
generator specifications for several of 
the systems under development. Only 
SNAP 1A, SNAP 3, and Transit are 
described in some detail. 


SNAP 1A Generator 


SNAP 1A consists of a central fuel 
container supported by tubular truss 
members within two concentric shells. 
A cylindrical block of Inconel X, 33/4 in. 
in diameter and 11 in. long, contains the 
radioisotope. Seven thin-walled stain- 
less-steel tubes loaded with ceric oxide 
pellets are inserted into holes drilled 
in the block. The loaded block may 
be transported separately in its own 
shipping cask and installed, with port- 
able ground handling equipment, 
through a port in the generator at the 
launch site. Physical relationships 
are illustrated in Fig. 1. 

Heat generated in the central source 
is radiated to the inner shell made 
of stainless steel. The inner shell 
serves as a hot junction for the ther- 
moelectric elements installed between 
the shells. Unconverted thermal energy 
conducted through the elements and 
escaping through the insulation is 
radiated from the outer aluminum 
shell. Excess energy, resulting from 
the excess fuel loaded initially to com- 
pensate for isotope decay, escapes ftom 
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an exposed area of the inner shell. 
Insulated shutters, actuated by a mer- 
cury vapor bellows, control the amount 
of exposed area as required to maintain 
a constant hot junction temperature. 

Approximately 6,000 thermal watts 
would be produced by an initial load 
of 880,000 curies of cerium-144. Over 
a period of one year, the output will 
decay to 2,700 watts, the generator 
design output. The outer shell, 24 in. 
in diameter and 34 in. long, must be of 
sufficient area to radiate this energy to 
the space sink. At initial loading, 
3,300 watts can be dumped from the 
exposed inner shell with the shutters 
completely open. A fibrous insulation, 
Min-K-1301, is used between the shells 
to minimize heat losses. 

The SNAP 1A system uses 277 ther- 
moelectric couples (P-N pairs) con- 
nected in series to produce 125 watts 
at 28 volts. Operating at a hot junc- 
tion temperature of 1,000°F. and a 
cold junction temperature of 335°F, 
these elements attain a thermoelec- 


| Final-stage burnout — 


Final-stage ignition 


/ — Booster-stage burnout 


Altitude 


Guidance failure at 
final-stage ignition — 


tric efficiency of 6.75 percent, which, 
because of the thermal losses through 
the generator insulation and structural 
members, decreases to an overall ef- 
ficiency of 4.7 percent. Significant de- 
sign characteristics are summarized 
in Table 2. 


Cerium-144, a fission product, is 
the radioisotope heat source for which 
this generator was designed. It decays 
through beta emission, with a half life 
of 285 days, to praseodymium- 144, 
which, in turn, decays through beta 
emission with a half life of 17.5 min. 
The third element in the decay scheme, 
neodymium-144, with a half life of 
1.5 X 10" years, is considered to be 
stable. The major source of energy 
is derived from the energetic beta 
decay of praseodymium. In addition 
to the decay gammas, a large portion 
of the photon radiation results from 
the slowing down of these energetic 
beta particles (bremsstrahlung). 


To reduce the radiation level to a 
reasonable amount for ground handling 
purposes, sufficient volume exists be- 
tween the heat source and the inner 
shell to contain approximately 4,000 Ib 
of mercury. Because of the source and 
shell geometry, shield thickness and 
dose rates vary from point to point 
around the unit. With the mercury 
in place, radiation levels one meter 
from the generator surface would vary 
from 2 to 95 milliroentgens/hour and 
11 to 750 mr/hour on the generator 
surface. The design radiation level 
100 ft from the bare core is 22 roent- 
gens/hour. 


Two SNAP 1A units, using an elec- 
trical heater in lieu of a radioisotope 
heat source, have been constructed 
for test purposes. 


~ Successful mission 
275-mile orbit 
— 


7 Guidance failure late 
In final-stage period 


Propulsion 
failure late in 
final-stage period — 


000 ft 


~ Aerodynamic 
burnout 


Failure at 
booster-stage 
burnout or to 
ignite final 

stage | 


1300 -—— 


Not to scale 


1, 
Downrange Distance (nautical miles) 


Fig. 4. SNAP 3 aborted mission. 
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Table 2. SNAP Generator Specifications 


SNAP 1A SNAP 3 Satellite SLLG* HLLGT spect TIPS** 
Design power, watts 125 3 14.5 19 13 100 5 
Design life (constant 
power) 1 year 90 days 5-10 years 6 mo. 2 mo. 6 mo. 3 mo. 
Weight, Ib 200 4 11.9 16.6 6.2 77 0.9 
Initial thermal input, 
watts 6,500 70 260 655 370 7,500 120 

Fuel nuclide Ce-144 Po-210 Pu-238 Cm-242 Cm-242 Cm-242 Cm-242 
Half life 285 days 138 days 89 years 163 days 163 days 163 days 163 days 
Quantity 880,000c 2,300c 475 ¢g 6.3¢ 3.1¢g lg 
Voltage 28 3 3 3 3 28 0.7 
Efficiency 

Thermoelectric 6.75 6.0 6.54 6.51 5.4 5.2 4.6 

Device 4.7 5.75 5.5 4.8 5.2 5.0 4.2 
Hot junction tem- 

perature, °F 1,050 1,050 900 1,000 1,400 1,000 2,240 
Cold junction tem- 

perature, °F 335 300 235 370 458 490 1,110 
Length, in. 34 5.5 7 8.4 6 21.5 2 
Diameter, in. 24 4.75 12.5 7.5 22/4 19.5 2 


* Soft lunar landing generator. 
+ Hard lunar landing generator. 
t Space probe generator. 


** Thermionic system (in conjunction with Thermo Electron Engineering Corp.). 


SNAP 3 Generator 


This device (Fig. 2) was the first 
to produce a practical amount of elec- 
trical power by direct conversion of the 
heat resulting from radioisotope decay. 
It was demonstrated at the White House 
on January 16, 1959. The character- 
istics of this unit are listed in Table 2. 

Polonium-210, with a half life of 138 
days, is used as the radioisotope heat 
source, and its thermal energy results 
almost entirely from the emission of a 
5.3-mev alpha particle. A low-gamma 
emission coincident with a 4.5-mev 
alpha particle occurs in 0.0012 percent 
of the disintegrations. With no shield- 
ing other than the fuel-encapsulating 
material, the SNAP 3 dose rate is only 
3.5 mr/hour at one meter. Mound 
Laboratory has provided the polonium 
for all generators fueled to date. 
Double stainless-steel capsules are in- 
serted in a heavy-walled heat source 
cylinder. This cylinder is then closed 
with a threaded plug and sealed by 
fusion welding. In this unit, the ther- 
moelements support the central heat 
source. (Minnesota Mining and Manu- 
facturing Co. designed and fabricated 
the thermal-to-electrical conversion sec- 
tion.) 

Three additional units have been 
fueled with various amounts of polo- 
nium, ranging upward to 2,320 curies. 
A maximum output of 4 watts at 4 volts 
has been attained with an efficiency of 
5.75 percent. The last two units were 
subjected to over 2,000 hours of severe 
environmental testing prior to being 
fueled. Their operation has been satis- 
factory to date. 

The output of SNAP 3 was given 
earlier as 2.8 watts, as opposed to the 
4 watts stated previously. This is the 
result of two effects. First, in a space 
environment the isotope load must be 
reduced slightly to avoid overheating. 


Since radiation is the only method of 
heat transfer from the cold junction, 
its temperature increases slightly over 
that in air, causing a corresponding in- 
crease in hot junction temperature if the 
same thermal input is provided. 

Second, the electrical output would 
fall off to approximately 1.8 watts 
over a 90-day period without some 
method of power flattening. A method 
of obtaining a constant output has been 
devised through tests in Martin labora- 
tories. Conductivity of the Min-K 
insulation decreases rapidly at pres- 
sures less than one atmosphere. Thus, 
by introducing a conductive gas mix- 
ture of helium and hydrogen into the 
shell, the conductivity may be increased 
initially and then decreased by allow- 
ing the gas to leak to space. This con- 
ductivity change may be controlled, 
by proper selection of a fixed orifice, 
so as to be inversely proportional to 
thermal energy decrease. Initially, 
with a gas charge of one atmosphere, 
heat losses through the insulation are 
high, and generator output is decreased 
to approximately 2.8 watts. As this 
gas charge leaks out, generator ef- 
ficiency improves so that a constant out- 
put is produced for a 90-day period. 


Transit Generator 


The Transit IV-A satellite (Fig. 3; 
see also Cover illustration), a develop- 
ment of the Applied Physics Laboratory 
of The Johns Hopkins University, is 
designed to produce constant frequency 
transmission to ships at sea for a min- 
imum of 5 years. Through Doppler 
shift techniques, accurate navigational 
information is made available to such 
vessels. One of the major problems 
associated with this satellite was the 
development of a power source capable 
of meeting the 5-year life requirement. 


Early Transit satellites used solar cell 
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shock test. 


Fig. 6. Development of second Fireball 5 sec 
after ignition. 


Fig. 7. SNAP 1A cores after successful impact 
on granite. 


battery power supplies. The battery 
system, however, was required to go 
through many recharge cycles over the 
5-year period and therefore presented a 
major reliability problem. 

It was a natural development that the 
Transit program and the SNAP pro- 
gram should merge. It was decided 
that an initial system including a low- 
powered isotopic generator should be 
developed to demonstrate operational 
capability. The fuel selected for this 
mission was plutonium-238, 
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Fig. 5. View of blast sequence, mechanical 


The generator system which finally 
evolved contains 1,600 curies of pluto- 
nium-238; it is 4°/,; in. in diameter, 
51/2 in. in height, and weighs only about 
4 Ib. The power output from the 
generator is 2.7 watts. 

The operating voltages of the two 
transmitters powered by the radio- 
isotope generator are considerably 
higher than the output voltage of the 
generator itself. Consequently, a d.c.- 
to-d.c. converter was designed and 
manufactured to provide the proper 
voltages. The tolerance permitted in 
voltage was +5 percent with a max- 
imum of 1 percent ripple. The con- 
verter provided met these specifications 
and is operating at better than 70 
percent efficiency. 

The generator-converter system was 
first subjected to flight qualification 
tests, which included vibration and 
thermal vacuum, simulating launch, 
and orbital conditions. It was then 
mounted on the satellite for flight ac- 
ceptance tests. The system passed 
all tests. 


Radiological Safety 


One of the most significant factors in 
establishing the practicability of iso- 
topic power for space applications is the 
assurance that can be provided for the 
radiological safety of operational sys- 
tems employing such devices. During 
the ascent of a space vehicle, a great 
many abort conditions can take place. 
These may be defined in detail by 
analyzing a typical trajectory (Fig. 
4), which may be divided into four 
fundamental phases: 

(1) Failure at launch. 
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(2) Ascent failures. 

(3) Final-stage or injection-stage 
failures. 

(4) Orbital decay and re-entry be. 
fore the design lifetime of the satellite 
in question. 


The first phase involves those failures 
that can occur on the launch pad or 
shortly after launch and are usually of 
the type where fuel tank rupture occurs 
or guidance system failures require 
command destruct of the vehicle 
In either case, two severe environmental 
conditions can occur—explosion of the 
unused fuel, and fire. The most severe 
fire or explosion occurs while the vehicle 
is actually on the launch pad and none of 
its fuel has been expended in flight. 
Generator fuel cores have been sub- 
jected to tests simulating these en- 
vironments and have completely con- 
tained the fuel (Figs. 5 and 6). 


The second type of failure is that 
which occurs during ascent of the 
vehicle to orbital altitudes. This range 
is considered to be above 10,000 ft up 
to the design orbital altitude of the 
vehicle in question. The most severe 
environmental condition that can occur 
during this phase of the trajectory is that 
of impact of the isotope core. The 
most stringent impact conditions occur 
if the injection stage fails to ignite. 
Maximum impact velocities are de- 
termined by the drag factor associated 
with the core in question but are gen- 
erally of the order of 200 to 500 fps. 
The core impacts at its operating tem- 
perature, and impact can conceivably 
occur on any type of surface. With our 
present missile ranges, Vandenberg 
Air Force Base or Cape Canaveral, it 
is generally the practice to fire the mis- 
sile system over large expanses of ocean 
area. Hence, the most probable impact 
location is the sea. Should this occur, 
the problem of salt water corrosion on 
the isotope core would be a major con- 
sideration. Impact on hard media 
such as granite can occur in the case of 
a misaligned trajectory where the com- 
mand destruct system fails. The 
probability of this occurrence, however, 
is extremely low. The SNAP 1A, 
SNAP 3, and Transit cores have been 
tested in impact at Aberdeen Proving 
Ground’s Supersonic Ballistic Sled 
Track. Target media ranged in hard- 
ness from water to granite. Impact 
velocities up to 500 fps at core operating 
temperatures were investigated. The 
cores successfully survived these ex- 
periments (Fig. 7). Sea water corrosion 
studies on fuel cores conclusively prove 
that the cores will not release the fuel 
until the activity level has been greatly 
reduced by the passage of time. 


Final-stage failures occur when the 
injection or transit phase of the {light 
vehicle undergoes a propulsion or ¢uid- 
ance malfunction. This results in 
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impact of the core far downrange. 
The area in which this impact can occur 
can be defined only by the missile 
system in question and the azimuth 
under which it is flown. Detailed tra- 
jectory analyses for the missions antici- 
pated have been performed. These 
studies include aerodynamic heating 
occurring during re-entry, and deter- 
mine the percentage of core burnup and 
the point of impact for propulsion fail- 
ures and guidance failures. 


The fourth condition involves or- 
bital decay and re-entry of the SNAP 
device. This problem has been studied 
in detail by the SNAP Hazards Com- 
mittee and the Aerospace Nuclear 
Safety Committee of the AEC. The 
basic design philosophy adopted by 
these committees is that, where impact 
can be controlled, it is desirable to con- 
tain the isotope. If, however, an orbital 
status is achieved and it is no longer 
possible to control the point of impact 
reliably, the fuel core should burn up to 
very fine particle size at very high al- 
titudes—specifically, particles averaging 
less than 10 microns at altitudes greater 
than 100,000 ft. Detailed aerodynamic 
heating studies, coupled with plasma 
are tests, have established that the 
three generator systems discussed here 
meet these criteria (Fig. 8). 

When the fuel burns up at altitudes 
greater than 100,000 ft, the fuel debris 
behaves very much like weapon fall- 
out—it is widely dispersed, and, when 
finally it does descend, it constitutes 
only a minor increase in the radiation 
levels already present on the earth’s 
surface. In the case of SNAP 1A, these 
levels are approximately 5 millicuries/ 
sq mile, in comparison with 2,000 
millicuries/sq mile already present on 
the ground. The conditions for Transit 
and SNAP 3 are significantly less than 
this. 

The test programs described briefly 
here have conclusively demonstrated 
the operational safety of the SNAP 
systems in question. Such tests will 
be repeated for all space systems to 
assure that they, too, can meet these 
requirements. 


The Future 


The problems confronting the users 
of radioisotope auxiliary power systems 
are primarily those of radioisotope avail- 
ability and the practical upper limits 
of their power-producing capabiltiy. 
Their energy-production ability is cur- 
rently in the order of only several hun- 
dred watts, although this may be 
boosted simply by using more than one 
generator in a single satellite—just as 
rocket engines are clustered to increase 
total thrust. As for availability, the 
problem is not so much one of quantities 
of radioisotopes as it is one of facilities 
for separating, purifying, and processing 
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Fig. 8. SNAP 3 postorbital re-entry. 


the active materials into forms useful 
for power applications. 


Improvements in the technology of 
direct conversion will lead to higher tem- 
perature, more efficient thermoelectric 
materials allowing smaller fuel inven- 
tories, and systems of lighter weight. 
Thermionic technology, which is also 
developing at a rapid rate, offers these 
improvements plus the added factor of 
higher heat rejection temperatures. 
Within a dollar framework, these 
growth factors are reflected in Table 3. 
The fuel cost is considerably greater 


Table 3. Cost of 100-Watt (e) 
Ce-144 Power Supply (1-Year Life) 


Thermal 
Power Fuel Cost 
System (watts) Curies ($)* 


Thermoelectric, 5 
percent effi- 
ciency 
(available 
today) 5,000 
Thermionic, 13 
percent effi- 
ciency (1965) 2,000 


675,000 . 70,000 


270,000 28,000 


* Production cost. 
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than the cost of the remainder of the 
power system. 


Basic to the use of nuclear energy in 
space is the technical assurance that 
established safety criteria have been 
met. A considerable portion of the 
AEC-SNAP program has been directed 
toward establishing such criteria and 
subsequent testing of core, contain. 
ment, and generator configuration for 
each system against these criteria. 
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AF Scientific Management Technique (continued from page 11) 


generated out of sheer desperation when 
Maj. Gen. W. Austin Davis, then 
Director of Hq AMC Procurement and 
Production Staff Office and now Com- 
mander of ASC, got tired of these per- 
jodie ‘crash’? inquiries and “‘panic”’ 
operations and decided that “there 
must be a better way of doing things.” 

The Operations Research teams set 
up to develop this “better way” con- 
sisted of representatives from six of the 
major aircraft companies (Boeing, Con- 
vair, Douglas, Lockheed, North Ameri- 
can, and Northrop) and of AMC and 
ARDC. The program was called the 
“WSPACS Study” (an acronym for 
Weapons Systems Programing And 
Control System), and represents the 
Operations Research study in scientific 
management techniques for decision 
making, although its final configuration 
differs somewhat from the simple 
“panic averter”’ that it started out to be. 

It was planned originally that 
WSPACS would provide simply the 
mathematical model by which the Air 
Force could answer these “crash” in- 
quiries without resorting to or disturb- 
ing the contractors whose programs 
might be affected, but the development 
of the tool has indicated even greater 
usefulness and illustrates the benefits of 
good Operations Research applications 
in management principles. 

Before continuing, it should be ex- 
plained to the uninitiated or novitiates 
in Operations Research that the term 
“mathematical model” represents sim- 
ply a mathematical statement of equali- 
ties and/or inequalities in the relation- 
ships of the various parameters involved 
in the system described by the model 
and the constraints upon these param- 
eters. It does not imply that the 
model is a single simple or complicated 
mathematical expression describing the 
system since it actually may consist of 
many mathematical statements, but 
the term refers to the group of mathe- 
matical expressions describing the sys- 
tem, its behavior, and in some cases, 
the manipulation of the system to 
achieve specific objectives such as 


ADD'L. COST TO CANCEL 


EXPENDITURE 


GROWTH CURVE 


Fig. 3. Cancellation curve. 


optimization based upon certain ground 
rules. 

With this introduction, let us ap- 
proach the specific example of scientific 
management described herein in true 
Operations Research fashion by first 
defining the problem, then determining 
the inputs, parameters, and constraints, 
and then describing the model itself and 
how it is used in scientific management. 


The Problem and the WSPACS 
Objectives 


Within the total program complex 
under its jurisdiction, it is not easy for 
the Air Force to break its decisions re- 
garding programs into small, inde- 
pendent packages, each of which relates 
only to a single program and is there- 
fore easy to understand and manage. 


7 END OF PROGRAM 


PROG IFC 


POTENTIAL 
PROG OVERRUN 


POTENTIAL END 
OF A FISCAL YEAR 
! 


| FY -IFC 
$ PROJECTED it 


| 

POTENTIAL 
ACTUAL | FY OVERRUN 
EGC 


| a | 
ESTIMATED 

| 


EGC 


Fig. 4. Estimated vs actual expenditure growth 
curve. 


Instead, there is a very strong inter- 
dependence between many of the pro- 
grams in this complex, not only because 
any one of the programs may be in direct 
support of some of the other programs 
but also because of the relation of each 
program to the total force complex. 

For example, decisions made on the 
B-70 program are not independent of 
the Atlas program because they are not 
only drawn from a common source of 
funds but their joint cost must not ex- 
ceed fund ceilings. In addition, they at 
least partially replace each other in the 
weapons systems mix so that more of one 
means fewer of the other. If one system 
is delayed, maintaining continuity of 
deterring capability means that the 
other must be accelerated correspond- 
ingly. There are many other examples 
that indicate how decisions made in re- 
spect to one weapons system affect one 
or more other weapons systems and, 
hence, must be considered in man- 
agement decision-making. Therefore, 
WSPACS must provide decision-mak- 
ing information not only on the in- 
dividual weapon system but also upon 
the total program complex. 
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STRAIGHT WALL 
TANTALUM 
CAPACITOR 
CAN'T LEAK 


Meets MIL C 3965-B, Style CL-64, CL-65. 


A new space-saving approach to the 
design of wet tantalum capacitors 
ends mounting problems encountered 
with flanged types and yet will not leak. 


TINNED 
COPPER 
SOLDER CATHODE 
JOINT LEAD 
INSULATING 
WASHER 
SILVER CAN 
THERMO-PLASTIC 
SLE 
ELECTROLYTE 
TANTALUM ANODE 
PLASTIC END SEAL 
RETAINING 
RING 
TANTALUM LEAD 


WELD 
NICKEL LEAD 


ITT’s compact, sintered slug tantalum 
capacitor features a wedge-shaped 
seal held under compression by an 
epoxy retainer ring formulated for 
thermal characteristics inverse to 
those of silver. Ordinary, straight- 
wall capacitors leak along the lead 
when elastomer compression is re- 
duced as the silver can expands. Not 
so with the new ITT design! 


This new, compact capacitor conforms 
to specifications MIL C 3965-B, Style 
CL-64, CL-65 and provides both the 
compactness and rugged reliability 
required in missile, airborne and 
mobile equipment. For details, write 
today requesting Bulletin No. 610. 


CAPACITOR DEPARTMENT 
COMPONENTS DIVISION 


INTERNATIONAL TELEPHONE AND TELEGRAPH 
CORPORATION, PALO ALTO, CALIFORNIA 
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Fig. 5. Progress vs cost performance. 


Stated broadly, the WSPACS model 
must provide the decision-maker with a 
system for obtaining better program and 
reprograming data, for assessing 
rapidly the impact of alternate decisions 
upon program variables, and for detect- 
ing real or potential deviations from 
planned programs in time to make ad- 
justments. In other words, it must 
provide the Air Force management with 
a broad planning device and provide 
the USAF and industry with a means 
of maintaining control and surveillance 
over the expenditure of their develop- 
ment and production moneys. 

The WSPACS is a man-machine 
operation. The concept is that a body 
of data supplied by the various USAF 
contractors will be stored in a computer. 
These data will represent the current Air 
Force program and, in addition, informa- 
tion that will permit the Air Force to 
estimate development and production 
costs, system-connected costs incurred 
as a result of introduction of weapons 
into the inventory, and various other 
types of pertinent information. When 
a reprograming requirement arises, 
management will input into the com- 
puter a reprograming action which 
they consider most desirable in the face 
of the reprograming requirement. 

In a relatively short time, the com- 
puter will return to management the 
results of the proposed action. If the 
solution is not feasible because it calls 
for expenditures above the current or 
projected limitations, additional sug- 
gested solutions may be attempted until 
one is found which satisfies all financial 
and other constraints and, in addition, 
is compatible with management’s de- 
cision with respect to a desirable USAF 
structure. 

It must be remembered that 
WSPACS, like any other mechanized, 
“scientific’’ management system,’ will be 


a decision-aiding and not a decision- 
making tool. It will accept relatively 
large amounts of information and 
manipulate it according to the rules and 
constraints built into the model, but the 
results will be given to management for 
evaluation and revision. 

This really constitutes a ‘“man- 
machine feedback”’ scheme that yields 
an iterative technique for reaching de- 
cisions through the use of simulation. 
In other words, the manager again and 
again imposes new restrictions and con- 
straints, lets the machine operate using 
its store of data and logical procedures, 
and views the outputs. The results of 
the computations are predictions of the 
conditions that would exist for the 
specific management plan under the 
current situation data. 

Based upon these results, the man- 
ager can modify his plan, let the machine 
simulate the real world situation again, 
view the new results, and again modify 
the plan as necessary. Thus, he iterates 
toward or “homes in on” a solution 


T/C Curve 
L —— FAMILY oFlecc’s 


Fig. 6. Time-cost (T/C) curve for any quantity. 


which, if not best, is at least acceptable 
to him. 

It must be remembered that the 
WSPACS system is not meant to be a 
day-to-day administrative tool but 
rather a reprograming tool suitable 
for fiscal and force structure planning 
but with not enough precision to pro- 
vide detailed budgets and contractual 
figures. Thus, WSPACS should be 
considered purely as a broad planning 
tool in which any estimates provided 
are only carried to within “order of 
magnitude” limits. This is an _ ex- 
tremely important point and should be 
emphasized because additional and 
more detailed planning is required be- 
fore final decisions with respect to 
specific numbers of dollars to be allo- 
cated or committed can be made. 

Stated in greater detail, the WSPACS 
model will provide to the Air Force 
manager answers to the following areas 
of ‘“‘What if... questions: 

(1) The cost implications of stretch- 
out, acceleration, or cancellation of a 
program. 
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(2) The time implications of reduc. 
ing or increasing the rate and/or amount 
of total program expenditures. 

(3) The time and/or cost implica. 
tions of a change in the number of end 
products or in the objectives of a pro- 
gram. 

Such data from each of the contractors 
on each of their programs will provide 
the information for a simulation model 
that can be manipulated in accordance 
with strategic or tactical constraints in 
time and/or cost and which will then 
provide information to the decision 
makers on the effects of the proposed 
changes in programs not only on the 
remaining programs but also upon the 
various time and budget constraints 
under which the Air Force must operate. 
This simulation or gaming model is re- 
ferred to hereafter as the ‘‘total’’ or 
“reprograming” model since its fune- 
tion is to permit prediction of the ef- 
fects of reprograming upon controlling 
variable parameters. 

There is one other phase of the 
WSPACS model that is developed from 
the input data described above as well as 
other data which describes the relation- 
ship of cumulative dollar expenditures 
to physical program progress. This 
input will provide both to the contractor 
and to the Air Force as the customer, 
periodic and timely indications of con- 
trolled performance or potential “out- 
of-control”’ conditions that will require 
either control action by the contractor 
or reprograming action by the Air 
Force. Since this component of the 
WSPACS model is the one that raises a 
warning flag to direct attention to the 
need for action, it is referred to hereafter 
as the ‘“‘early warning”’ model. 


The Inputs 


The minimum that the problem will 
accept as inputs is information regard- 
ing the following variable parameters 
and their interrelation: 


From the Contractor 


(1) Time schedules for performance. 

(2) Estimated and actual costs as 
expenditure rates. 

(3) Cancellation costs. 

(4) Quantity of end products or 
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Fig. 7. Effect of reprograming on T/C curve. 
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Fig. 8. 


scope of a research and development 
task. 

(5) Performance milestones to be 
reached in the program. 


From the Customer 


(1) The planned budget ceilings for 
the expenditure rates of all programs in 
the program complex. 


There are other factors than the 
aforementioned that should appear in a 
complete overall model, particularly if 
the model is to develop true optimiza- 
tion. These include: 


From the Contractor 


(1) Anticipated reliability factors. 
(2) Constraints based on contractor 
capabilities. 


From the Customer 


(1) The relative priority of the 
various programs. 

(2) Potential modifications of the 
program or end products. 

(3) The ‘‘value’”’ of the program. 

(4) The defense posture (including 
the weapons systems mix) based on 
economic, political and strategic con- 
siderations. 

(5) Training effort required for the 
program. 

(6) Logistics support and facility 
construction required. 


Although subsequent and more so- 
phisticated versions of the WSPACS 
model will take into account more of the 
latter factors, the initial version of the 
model will consider only the minimum 
inputs described. 

The first of these input data is the 
rate of expenditure curve which usually 
is of the form indicated in Fig. 1. Any 
well-managed contractor will develop 
such a curve in planning a program 
whether it is a direct contractual re- 
quirement or not because this is. a 
natural factor in planning the pursuit 
of any proposed program from a basic 
tesearch program to a follow-on produc- 


tion program or any combination be- 
tween these two extremes 

The data in the expenditure rate curve 
can be accumulated in a form that indi- 
cates the total estimated cost of the 
program as a function of time, as shown 
in Fig. 2. This curve is usually re- 
ferred to as the cumulative expenditure 
or expenditure growth curve and is 
very important in the WSPACS con- 
cept as the basic curve relating most of 
the other WSPACS factors. 

For example, this expenditure growth 
curve is also the basis for the ‘“‘can- 
cellation” or the “‘termination liability” 
curve, which is of the general form shown 
in Fig. 3. This curve can be estimated 
in advance as a function of the estimated 
expenditure curve and then maintained 
in relation to the actual expenditure 
growth curve. 

By continuously plotting the actual 
expenditure growth curve against the 
estimated and projecting the actual 
growth curve to an Indicated Final 


Cost (IFC), the contractor and the Air 
Force have an indication not only of cost 
performance in comparison with the 
planned performance at any time but 
also a warning flag that indicates a 
potential out-of-control condition that 
will exist at some future time, the 
probable degree of this perturbation, and 
the need for immediate action to obviate 
the threatened condition. (See Fig. 4.) 

This expenditure growth curve can 
also be utilized to correlate performance 
and cost where performance is measured 
by the activity and event network (like 
a precedence matrix) such as that 
provided by the PERT (Navy) or PEP 
(Air Force) concept of performance 
evaluation. Fig. 5 indicates such a 
relationship using an over-simplified 
PEP network and shows how this pro- 
vides another tool for management by 
raising warning flags that a potential 
out-of-control condition exists or is 
threatened. This is the PEPCO con- 
cept. 


Fig. 9. Three-dimensional model of T/Q/C (time-quantity-cost) relationship as it exists at the begin- 
ning of a contract. 
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There is another relationship between 
time and cost in the performance of a 
contract that is not generated normally 
by contractors in estimating and plan- 
ning proposed work but which is neces- 
sary in providing data for the WSPACS 
model. This is the time-cost (T/C) re- 
lationship for any particular program or 
quantity of product and has the general 
shape shown in Fig. 6. This is a curve 
that compares the cost of pursuing a 
certain task (whether it be a research 
program or the production of a specified 
number of end product items) to the 
time within which that same task is 
completed. 

In a sense, the T/C curve is the locus 
of the end point of a family of expendi- 
ture growth curves (EGC) as indicated 
in Fig. 6, or, in other words, as generated 
by the EGC waving around the origin. 
It is important to recognize that the 
T/C curve is not a static curve but is a 
very dynamic curve which changes as a 
function of time after go-ahead of a 
contract. Once a particular EGC and, 
therefore, a point on the T/C curve 
has been selected and some work per- 
formed, the original T/C curve ceases 
to be valid and a new curve must be 
generated if reprograming occurs at 
any time during the life of the contract. 

Assuming that there is no change in 
the end product and the only change is 
that of the time within which the pro- 
gram is to be completed, Fig. 7 shows 
the effect of first, an acceleration and 
subsequently a deceleration of the 
program on the T/C curve (which actu- 
ally is a shrinking curve and physically 
culminates in a single point at the end 
of a program). 

It is logical to believe that the T/C 
curve has a vertical asymptote which 
represents the minimum time within 
which a program can be completed re- 
gardless of cost. Experience, in turn, 
indicates that the T/C curve usually is 
relatively flat near the optimum or 
minimum cost but does rise again as the 
time is increased beyond that required 
for minimum cost. There would ap- 
pear to be some relationship between the 
rise of this leg of the curve and the 
fixed costs involved in a particular 
program. 

Although the T/C curve has been 
discussed as though it were a single 
curve developed for an entire program, 
there really are separate T/C curves for 
each of the various functions and opera- 
tions that go to make up the perform- 
ance of a program, as, for example, 
engineering, tooling, production, etc. 
In addition, the T/C relationship exists 
for the various components of a weapons 
system or of the air vehicle such as the 
airframe, propulsion unit, etc. In other 
words, there is an actual matrix of T/C 
curves for any total system, although, 
for simplicity, we shall continue to refer 
to a T/C curve for the total ‘system, 


66 Aerospace Engineering 


Fig. 10. AMC cumulative expenditure rate 


curves. 


keeping in mind that the total system 
is comprised of many elements. 

There is a similar relationship that 
exists between the quantity of product 
produced and the cost for any specified 
time of performance, and this curve 
has the general shape shown in Fig. 8, 
although there may be certain discrete 
discontinuities that are a function of 
contractor capabilities in tooling, equip- 
ment, and manpower. Reprogram- 
ing changes in the Q/C relationship 
for any specified time will depend upon 
the number of products produced up 
to that time and upon a number of 
factors such as the status of the tooling, 
plant capabilities, manpower, etc. 

Obviously, the time-quantity-cost 
(T/Q/C) relationship produces a three- 
dimensional surface which reprogram- 
ing affects like a shrinking’ universe 
that ultimately winds up in a single 
point in space. Fig. 9 is a photograph 
of a three-dimensional model of this 
T/Q/C relationship as it exists at the 
beginning of acontract. Similar models 
could be prepared for this three-way 
relationship at any point in time in the 
performance of a contract. 


The Output 


From the standpoint of the individual 
programs, the PEPCO correlation and 
the IFC projection yield outputs that 
give warning of existing or potential out- 
of-control conditions requiring action 
by contractor management or repro- 
graming by the Air Force. The only 
time that the total program complex is 
affected by the Early Warning segment 
of the WSPACS model is when the 
contractor’s inability to regain control of 
the program necessitates reprogram- 
ing by the Air Force and hence the 
use of the total or reprograming 
model. 

The principal output of the total or 
reprograming model is a comparison 
between the costs of the total program 
complex and the budget ceilings pre- 
scribed by higher authorities. The total 
expenditure rate generated by all of the 
Air Force programs must lie below the 
expenditure rate ceiling as indicated in 
Fig. 10. If, at any time, this ceiling is 
ruptured by the acceleration, decelera- 
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tion, or cancellation of a single program 
or group of programs (as indicated by 
the dotted conditions in Fig. 10), then 
action must be taken by the USAF ip 
order to bring the monthly rate of ex. 
penditure back under control. 

This action is the simulation of a new 
program complex and the determination 
by the WSPACS model of whether the 
proposed reprograming (such as ae. 
celeration, deceleration, cancellation, or 
change in quantity) causes a rupture in 
the budget ceiling. 

By repeated simulated reprogram. 
ing or gaming, it is possible to arrive at 
a new program complex that will meet 
all of the requirements of military 
policies and philosophies and will not 
rupture the budget ceiling. It is even 
possible by this trial-and-error method 
to arrive at a reasonable optimization 
in which the proposed program complex 
will not only not rupture the budget 
ceiling but will accomplish the Air 
Force’s objectives at minimum cost. 
However, it is possible to develop the 
model in such a way that it will perform 
automatically the iterative processes of 
optimization within the constraints de- 
fined by management. 

Similarly, this total reprograming 
model of WSPACS can be used to deter- 
mine whether a new proposed program 
not yet in the Air Force program in- 
ventory, will cause a rupture in the 
budget ceiling and, if so, how it can be 
fitted into the budget by proper repro- 
graming of the existing programs. 


The Model 


As explained before, a number of the 
desirable variables or parameters that 
should be included in the WSPACS 
model have been frozen or limited in the 
initial study in order to accelerate the 
study and avoid too much complexity. 
Even so, it is necessary, in order to get 
a useful model for the Air Force, to cover 
at least one major segment of the total 
weapons system responsibility. In this 
case, the segment chosen is the aif 
vehicle consisting of the airframe, the 
propulsion, the electronics or guidance, 
and the ground support equipment 
The model must be capable of handling 
each of the components of this segment 
of the weapon system. 

Furthermore, the model must be 
capable of embracing any segment of the 
time period from planning for source 
selection through production and follow 
on, with some consideration for the 
span of time when operational use 0 
the weapon causes a significant cash 
drain for training and ground support. 

In order to develop a model of such 
complexity and magnitude, it was neces 
sary to first consider only one componett 
of the air vehicle—the airframe, and its 
counterpart, the missile frame. Having 
once developed the model for the ait 
frame, it is expected that this can be 
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extrapolated to the other components of 
the air vehicle. 

In developing the input section of the 
reprograming model, it became evi- 
dent that there are many elements in- 
yolved in this model (such as basic 
engineering, sustaining engineering, 
basic tooling, sustaining tooling, experi- 
mental flight testing, production flight 
testing, manufacturing, etc), each of 
which may have its own manpower load- 
ing curves and learning curves for the 
performance of work. 

Since these may have different charac- 
teristics and do not all start simultane- 
ously, or have the same rate of rise 
and/or spread, it is not possible to 
normalize these curves to single curves 
for all elements. Accordingly, it be- 
came obvious that the model must in- 
clude a summation of several such com- 
ponents. 

However, in considering the man- 
power loading curve and learning curve 
for these various components in an air- 
frame or missile frame program, it was 
found possible to group some of these of 
sufficient similarity and to make certain 
assumptions regarding the definition of 
these various components as a function 
of time or point in the performance of 
the contract. Obviously, the summing 
of component information in arriving at 
the total model has definite advantages 
in setting up the model because it allows 
the operator to sum only those com- 
ponents that are applicable to a specific 
type of program. For example, a 
research and development program 
would include basic engineering and 
might include experimental flight testing 
but would not include maintenance or 
sustaining engineering, tooling, or pro- 
duction. 

A production program would include 
all of the components involved in any 
type program and would involve, then, 
the summation of all of the elements. 
A follow-on program would not include 
basic engineering or basic tooling, experi- 
mental flight test and other elements of 
research and development phases of the 
work, but would include only the 
balance of the production operations or 
components. Thus, the summed-com- 
ponent approach to the input model 
permits its adaptation to any type of 
program whether it be a follow-on, pro- 
duction, or strictly research and develop- 
ment. 

In developing the model for the 
summed-component approach, two 
courses were followed—one empirical 
and one analytical. The empirical 
course attempted to reduce historical 
data to a mathematical model capable 
of analysis and application to the various 
types of programs in the Air Force 
complex. 

The analytical model attempted to 
find an analytical expression for the 
various elements of a program and then 


prove the validity of the mathematical 
expressions by their application to 
existing programs or proposals for pro- 
grams. 

Although an empirical approach to 
the problem was found and an expres- 
sion derived which could serve as the 
input model to WSPACS, it was not 
possible to ascribe analytical significance 
to each of the terms involved in a 
meaningful way. Accordingly, despite 
the apparent validity of the empirical 
expressions for a number of different 
types of programs, there was some 
doubt as to the universal application 
of this type of solution without some 
means of analytical verification, and 
this approach was dropped. 

On the other hand, the analytical ap- 
proach was readily adaptable to the 
summed-component philosophy and the 
mathematical model is currently com- 
plete and ready for testing (although it 
must first be programed for large-scale 
computers in order to perform the neces- 
sary testing). In this analytical model, 
suitable manpower loading curve and 
learning curve data have been developed 
to satisfy the variations in the use of 
such data by each of the six companies 
represented and present a reasonable 
approximation of a standard set of 
curves for the industry. 

However, it is not to be implied that 
each of the manufacturers represented 
used the identical curve except in con- 
tour and configuration because each will 
have his own factors and coefficients 
that apply to the equation describing 
the curve or curves. 

It has been generally accepted by the 
group that T/C relationship can best be 
approximated by a regular hyperbola 
with its vertical asymptote defined by 
the minimum time within which the 
program can be completed regardless of 
cost, and its horizontal asymptote re- 
lated to the fixed costs for each pro- 
gram and each manufacturer. 

The total or reprograming model 
has been developed so that it can ac- 
cept and utilize these inputs, test for 
input compatibility with the constraints 
imposed upon’ the reprograming 
model, determine whether the expendi- 
ture rate ceiling is ruptured by the 
proposed reprograming and, if not, 
what the remaining budget will be, and 
even find a minimum total cost solution 
based upon predetermined information 
by management. 

For this total model, industry would 
provide to the Air Force for each 
weapons system: 

(1) An estimate of the expenditure 
rate to produce any particular number 
of units of that weapon system given a 
go-ahead date and a delivery date. 

(2) An estimate of the liability com- 
mitment rate or cancellation costs to 
support an expenditure rate. 

(3) <A set of industry restrictions on 
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the quantity, go-ahead date, and end 
delivery date dictated by conditions 
peculiar to that contractor. 

Also, the reprograming model would 
require inputs from the USAF, three of 
which apply specifically to each of the 
weapons systems to be considered and 
two of which describe the monetary 
restrictions imposed upon USAF spend- 
ing by Congress: 

(1) An estimate, for each weapon 
system, of the future expenditures by 
the Air Force as a result of the expected 
expenditure rate necessary to obtain the 
inventory of that weapon system based 
on the original go-ahead and completion 
dates. 

(2) A set of military restrictions on 
the values of the weapons systems pa- 
rameters consistent with WSPACS. 

(3) A set of functions indicating the 
relationships between weapons systems 
or between weapons systems and sup- 
porting systems. 

(4) An estimate of the USAF ex- 
penditure ceilings related to time. 

(5) An estimate of nonsystem USAF 
expenditure rates for such things as 
overhead, training, etc. 

Each of the variables (quantity, go- 
ahead date, and completion date) has 
two sets of restrictions imposed upon 
it—one set provided by industry and the 
other by the Air Force. The industry 
restrictions have to do with such things 
as its production capacity and the 
accuracy of the expenditure rate esti- 
mates. The USAF restrictions deal 
with defense requirements and/or rela- 
tionships among weapons systems. In- 
asmuch as these restrictions are pro- 
vided for different purposes, it is con- 
ceivable that they may be in conflict on 
occasion. Therefore, the WSPACS re- 
programing model should first check 
for consistency in order to avoid wasting 
valuable time. 

The next step in the use of the repro- 
graming model is to develop the rela- 
tionship of the total expenditure rates 
for all programs in the program complex 
to the budget ceiling at that time. If 
all program changes have been selected 
so that there is no overrun or rupture 
of the budget ceiling, then a feasible 
solution exists and the reprograming is 
acceptable. 

If, however, there is a rupture of the 
budget ceiling and the proposed repro- 
graming is incompatible with the 
moneys available, then the model can 
be used again for alternative reprogram- 
ing until a satisfactory solution has 
been arrived at. However, it is desir- 
able to have the model accommodate a 
program of repeated reprograming 
without having to go in and out of the 
computer with each potential solution. 

This is an “idea-testing mode” of 
operation in which the failure of the 
proposed programing to satisfy the 
constraints in the model would cause 
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the transfer of the computer to the 
“idea-testing mode” of operation in 
which USAF management could experi- 
ment with various changes in repro- 
graming and observe the effects of 
these changes on the expenditure rate 
of the total complex. Allowed changes 
would include changes in weapon system 
quantities, delivery times, and cancella- 
tion. 

While in this mode, none of the initial 
input to WSPACS would be changed 
but, once USAF had decided upon a 
change, the computer would accept 
the change, estimate its effect upon the 
budget ceiling, and return to manage- 
ment information for subsequent pro- 
posed changes in the simulation gam- 
ing. 

The foregoing might well complete the 
first phase of this initial WSPACS study 
of scientific management techniques for 
the Air Force, but these techniques per- 
mit the development of even greater 
usefulness to Air Force management. 
For example, at the end of the effort 
described, we will have arrived at any 
one of the following situations: 

(1) All compatibility tests have 
been satisfied and a set of values has 
been found for all programs which cause 
no overrun and which were found 
without using the Idea-Testing Mode. 
In other words, for a compatible set of 
USAF-Industry restrictions, a feasible 
solution exists. 

(2) All compatibility tests were 
satisfied and a set of values found for all 
programs which cause no overrun but 
the Idea-Testing Mode was used. 

(3) The Idea-Testing Mode was 
used, all low priority programs have 
been cancelled, all remaining programs 
have been cut to minimum quantities, 
but an overrun condition still exists. 

Following these conditions, the model 
might develop a solution in which opti- 
mization takes place according to 
management-chosen criteria. For ex- 


ample, a total program complex might 
be determined that will affect maximum 
reserve funds by minimizing the total 
expenditure rate, that is, one that opti- 
mizes the program complex to minimum 
cost. 

Another optimizing procedure that 
might be effected would be for the model 
to determine that program complex 
which would utilize all of the available 
moneys without overrunning the budget 
ceiling. 

Finally, even when the Idea-Testing 
Mode is used and a feasible solution is 
not found, the model can still be used to 
give USAF management and answer to 
the effects of pursuing the only two 
courses open to it—that of cancelling 
some of the high-priority weapons sys- 
tems or approaching Congress for more 
funds. 


Subsequent Course of WSPACS 


The completed model as accepted by 
the Air Force and industry will be pro- 
gramed for large-scale electronic data 
processing equipment and will be tested 
by the various USAF contractors in an 
attempt to fit it to their past, present, 
and future operations and test the 
validity of the WSPACS model concept. 
This means the application of their own 
coefficients and factors that will make 
the model applicable to their particular 
programs and company operations. 

When the model has thus been proved 
or modified to fit realistic conditions 
and accepted by both the Air Force and 
industry, an investigation will be made 
into the current methods of data acquisi- 
tion and presentation for all AMC 
(AFLC) contractors. This is necessary 
because some of the data needed for 
WSPACS is currently in other Air 
Force reports while some of the data 
has never been reported. Obviously, 
one of the objectives of WSPACS will 


be to attempt to reduce the total amount 
of reporting to the USAF rather than 
increase it so that the WSPACS report 
will include not only the data necessary 
for its use by the Air Force asa manage- 
ment tool but also will include any other 
data currently covered by other related 
reports. 


It is conceived that WSPACS will 
have usefulness at every level of Air 
Force weapons systems management 
from Hq USAF to major contractors, 
Each level will look at different aspects 
in more or less detail but it is assumed 
that the picture will appear more and 
more in aggregate as the decisions to 
be made become broader in their scope. 
Hq USAF, with ultimate Air Force 
responsibility, will make use of the over- 
all model covering all weapons systems 
and stressing the budget implications, 
The AFLC and ARDC will use parts of 
this model to recommend decisions to 
Headquarters and will also look at 
more detail (through the WSPO) for 
planning within given systems. In- 
dustry, which supplies most of the 
event-activity-cost data, will look at 
reprograming as it affects each indi- 
vidual company’s participation in the 
program. 


When all of the elements of the weap- 
ons systems programs have been in- 
corporated into the WSPACS concept 
and made capable of being applied as 
true management tools for the USAF, 
the final step will be the incorporation 
of the visual display so that manage- 
ment can perform its simulation or 
gaming in a manner that will permit 
the most effective utilization of this 
scientific management tool in scientific 
management decision making. This is 
as near the ultimate in man-—machine 
relationship as we care to go since there 
must be reserved to man those decisions 
requiring human judgment that cannot 
be built into machines. 
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X-15 Flight Simulation Program (Continued from page 17) 


major research objectives of the X-15 
program include hypersonic stability 
and control at low dynamic pressure, 
aerodynamic heating, exit from and 
reentry into the atmosphere, and 
simulation. In these areas flight ex- 
perience is needed to verify theoretical 
prediction and testing techniques. 
However, simply flying high and fast will 
not provide the necessary data. In 
order to accomplish the research ob- 
jectives, precise piloted maneuvers are 
required during maximum performance 
fights. The use of the simulator 
in preparing for these critical flights 
ensures an optimum flight plan for each 
research objective, and provides the 
training necessary to utilize the full 
capability of the pilot in obtaining the 
required data. Included as a major 
research objective is simulation itself. 
The requirements for adequate simula- 
tion are increasing rapidly as more ad- 
vanced space vehicles enter the design 
stage. Correlation between the X-15 
simulator and flight test will provide 
information regarding validation of 
simulators and simulation techniques, 
and will serve as a guide for future 
simulation programs. 

Early in the X-15 development, it 
became apparent that a six-degree-of- 
freedom simulation, covering as much of 
the complete flight regime as possible, 
was necessary in order to explore the 
problems of manually controlled boost, 
re-entry, and space flight. In past 
airplane designs, stability and control 
problems could be adequately analyzed 
and solved by utilization of a five- 
degree-of-freedom (constant velocity) 
simulation at a large number of given 
fight conditions. The addition of the 
sixth degree of freedom—namely, the 
variation in velocity and altitude— 
entailed much increased complexity in 
the mechanization required and was not 
warranted since the effects of these 
variations were not significant in the 
overall stability analysis. However, 
the X-15 can transverse its flight profile 
at a rate much greater than any en- 
countered before. The rates of change 
of velocity and altitude, and correspond- 
ingly of dynamic pressure, during the 
boost and re-entry phase of the X-15 
mission become large enough to in- 
fluence greatly stability and control 
characteristics. The performance range 
of the X-15 makes the number of flight 
conditions which would be required to 
be investigated on a_ five-degree-of- 
freedom simulation prohibitively large. 
Also, it was necessary to allow the pilot 
to evaluate all the various phases of 
the mission during continuous simulated 
missions to establish proper compatibil- 


ity with the human of the control 
systems, instruments, etc., during de- 
sign. Thus, the requirement for at 
least a limited six-degree-of-freedom 
simulation was obvious purely from a 
stability, control, and human engineer- 
ing standpoint, without regard to the 
many added advantages it would pro- 
vide in pilot training, mission evalua- 
tion, and flight planning. 

Because of the need for adequate 
aerodynamic data and early limitations 
of analog equipment, it was not expe- 
dient to initiate a six-degree-of-freedom 
simulation immediately. Consequently, 
during the first year of the program, 
efforts were directed toward specialized 
problems which could be solved on sim- 
pler simulations. Fig. 3 presents a time 
schedule of the various simulation 
activities from the initiation of the 
X-15 program to the present time. The 
capability of including the pilot in the 
control loop was provided in the simula- 
tion program from the beginning. The 
early studies utilized a simple cockpit 
with a reaction and aerodynamic con- 
trol stick. It is of interest to note the 
increasing sophistication of these 
studies. It is also interesting to note 
that the problems of early interest were 
those about which we knew the least— 
namely, the exit and re-entry problem 
and the problems associated with re- 
action control. A simple reaction con- 
trol mechanization was initiated in early 
1956 and provided preliminary criteria 
for the reaction control system design. 
This was followed by a three-degree-of- 
freedom longitudinal mode mechaniza- 
tion of the exit and re-entry flight 
characteristics, utilizing very early aero- 
dynamic data, for preliminary evalua- 
tion of control characteristics during 
these phases of the mission. This 
program showed that, in the longi- 
tudinal mode at least, manual control 
without augmentation was_ possible, 
but that augmentation was desirable. 
Next a “programed q’”’ analog mechani- 
zation was utilized to evaluate the com- 
patibility of reaction and aerodynamic 
controls during the transition phases 
of exit and re-entry. Reaction control 
duty cycle requirements were also 
finally determined. This simulation 
programed the dynamic pressure varia- 
tions of a design altitude mission and 
utilized constant aerodynamic data 
estimated at Mach 6. 

The first six-degree-of-freedom mech- 
anization which was utilized in the X-15 
program was limited to Mach numbers 
greater than 2 and altitudes greater than 
50,000 ft in order to simplify the mech- 
anization. In this manner we were able 
to eliminate the complex variations in 
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aerodynamic characteristics in the tran- 
sonic regions and to minimize the range of 
variations of air density which had to be 
simulated. The limited six-degree-of- 
freedom mechanization was utilized with 
the cockpit portion only of the flight 
control simulator. The actual control 
system hardware was still in the design 
stage and was not available for simulator 
operation. Consequently, it was nec- 
essary to simulate the control system in 
addition to the aerodynamic character- 
istics. This simulation was utilized for 
approximately 8 months during 1957. 
During this period, the major design 
and development of the primary control 
system and the stability augmentation 
system on the X-15 was accomplished. 
Also, additional stability requirements 
were determined, and several design 
changes were incorporated in the basic 
configuration. 

The five-degree-of-freedom analog 
program shown on the schedule was run 
simultaneously with the early six-degree 
studies in order to evaluate stability and 
control characteristics, including roll 
coupling, at subsonic and transonic 
conditions. 

One other simulation program which 
was accomplished during this period is 
worthy of note before we discuss the 
complete six-degree-of-freedom simula- 
tion. Since there was some concern 


as to the pilot’s ability to control the 
X-15 under the dynamic loading con- 
ditions characteristic of exit and re- 
entry, a simulation program was con- 
ducted in the human centrifuge at the 
U.S. Naval Air Development Center, 


Fig. 4. Dynamic simulation. 
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Fig. 5. Flight control simulator. 


Johnsville, Pa., during the summer of 
1958. In this program, the centrifuge 
was driven by computed signals from a 
limited six-degree-of-freedom analog 
simulation of the X-15 which was very 
similar to the one just described. 
Fig. 4 shows, schematically, the method 
in which the analog computer was used 
to drive the centrifuge with a pilot 
operating as a closed-loop controlling 
function. The centrifuge was driven 
to follow the computed values of 
accelerations resulting from pilot inputs 
and airplane stability and response 
characteristics, so that the pilot was 
subjected to the actual g loads of a 
specific mission or maneuver. 

The centrifuge program had, as its 
prime objective, the evaluation of the 
pilot’s ability to control the airplane 
during high angle of attack re-entries 
with the Stability Augmentation System 
(SAS) failed. Static simulation had 
shown this to be a critical control 
problem. Also of interest in the pro- 
gram were the physiological effects of 
extended high g loads, the adequacy of 
the pilot restraint system, and the 
characteristics of the side arm con- 
troller under g. During the program a 
total of 287 dynamic flights, consisting 
of boost and/or re-entry, were accom- 
plished by the seven participating 
pilots. Normal accelerations of up to 
7g and longitudinal decelerations of 
4g (brakes open) were encountered 
simultaneously for as long as 20 sec 
during some of the re-entries. The 
results of this program showed that the 
pilot could control the X-15 during its 
most severe re-entry conditions, and 
further showed that, for the X-15 
missions, static simulator results were 
not significantly different from those 
obtained under dynamic conditions. 
Consequently, no additional dynamic 


simulation effort has been necessary in 
the X-15 program. This, however, does 
not imply that the centrifuge. program 
was unnecessary. It provided a verifi- 
cation of the design under severe 
environment, and made possible a higher 
level of confidence which has allowed 
the flight-test program to proceed at a 
more rapid rate. 

Although the limited six-degree-of- 
freedom simulation provided invaluable 
information in early design of the 
airplane, it was soon apparent that it 
was inadequate. Because of limitations 
imposed on Mach number and altitude, 
problems associated with launch and 
roundout, space positioning, subsonic 
and transonic stability, and landing 
could not be investigated. By this time 
the potential value of the simulator in 
flight-test mission planning and_ pilot 
training was apparent, and, in these 
applications, complete simulation capa- 
bility over the X-15 flight regime would 
be required. Therefore, the unlimited 
six-degree-of-freedom simulation was 
developed and has been in operation 
continuously since March 1958. This 
simulation is capable of piloted or non- 
piloted analysis throughout the X-15 
flight regime, including launch maneu- 
vers, boost and exit phase, reaction- 
controlled ballistic flight, re-entry, and 
glide to landing flareout. The _per- 
formance capability of the simulation 
covers the Mach range from 0.2 to 
10.0, altitude to 500,000 ft, and angles 
of attack to 35 deg. Simulated flights 
may be accomplished with speed brakes 
open or closed, with flap and landing 
gear extension effects, ventral jettison- 
ing characteristics, and other nonlinear 
effects. Missions may be flown using 
either the XLR-11 or the XLR-99 
engine, including the effects of engine 
throttling and thrust misalignment. 
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Missions may be accomplished from the 
design B-52 carrier aircraft or from 
other advanced carriers such as the 
B-70. The dynamic effects o/ nop. 
linear changes in mass and moments of 
inertia during engine burning are 
simulated. Premature burnout of 
either engine may be simulated at any 
time, and propellant jettisoning may be 
accomplished at the required rates. 

This simulation capability permits 
evaluation of all important contribu. 
tions to the complete mission, with the 
exception of temperature. A simplified 
computation of skin temperature at 
critical points on the vehicle was 
mechanized on the analog computer 
and incorporated in the real-time 
problem solution early in the program 
Temperature at one of several points 
on the vehicle was displayed to the pilot 
as an aid in remaining within limits 
during re-entry. However, it was found 
that this information merely told the 
pilot that he had exceeded limits and 
did not provide sufficient lead time to 
allow corrections once it was established 
that an overtemperature condition was 
imminent. Because of the limited 
application for which the temperature 
mechanization was suitable, and the 
equipment required, this part of the 
simulation was discontinued. 

The capability of permitting piloted 
flights of the X-15 with this simulation 
is obtained by integration of the 
mechanization into the X-15_ flight 
control simulator (Fig. 5). It consists 
of duplication of the airplane cockpit, 
instruments, and control system. The 
complete operational flight control sys- 
tem provides exact system characteris 
ties under operating conditions. Actual 
production components, including 
cables, push rods, bell cranks, the 
hydraulic system, artificial feel, etc., 
are utilized in exactly the same manner 
as in the actual airplane. The elec- 
tronics of the X-15 stability augmenta- 
tion system are also included. The 
control system is duplicated in this 
detail in order to include all nonlineari- 
ties in closed-loop systems evaluation, 
and to provide the pilot with the feel 
characteristics of the airplane. All 
control displacements are available 
to the analog computer by means of 
electrical pickoffs on each aerodynamic 
control surface. The cockpit area (Fig. 
6) is a realistic simulation of the airplane 
configuration. The simulator has the 
same provisions for aerodynamic control 
as in the airplane, utilizing either the 
center stick or the right-hand console 
stick and rudder pedals. Reaction 
control is provided with the left-hand 
three-axis controller. The pilot has 
normal control over the _ stability 
augmentation system by means of the 
same controller panel as installed in 
the air vehicle. The flight instruments, 
which are simulated in complete opera 
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(ional form, are driven by voltages from 
the analog computer. They include 
the inertial attitude indicator which 
provides pitch, roll, and heading; the 
inertial velocity, altitude, and rate-of- 
climb instruments; indicators of angles 
of attack and sideslip, roll rate, normal 
joad factor, and indicated air speed; and 
for simulator test purposes only, an 
indication of dynamic pressure. 

The equations utilized to simulate the 
X-15 in the unlimited six degrees of 
freedom are presented in Fig. 7. These 
are basically the classical equations of 
motion of the aircraft with respect to an 
Eulerian frame of reference. The equa- 
tions and all aerodynamic parameters 
are mechanized in a body-axis system of 
coordinates. Orientation of the gravity 
vector and the geographical distance 
and position are obtained by means of 
conventional Eulerian angles. Because 
of the limited ground distance traveled 
by the X-15 in its design mission, a flat 
earth may be assumed as a reference. 
However, the centrifugal acceleration 
effect is included as a function of the 
X-15 horizontal velocity component and 
adds directly to the normal gravity 
vector which is mechanized as a function 
of altitude. The terms and the equa- 
tions which are considered variable in- 
clude thrust, mass, velocity, gravity, 
inertia, and all aerodynamic coeffi- 
cients which may not be assumed con- 
stant within the accuracy desired. 

The analog computer complex used 
in the X-15 simulation is shown in 
Fig. 8. The linear equipment consists 
of five Model 16-31 Electronic Asso- 
ciates analog computers, incorporating 
Additional 
nonlinear equipment required in the 
mechanization includes approximately 
8) diode function generators, 25 com- 
puting servos, and three electronic 
multipliers; part of this equipment is 
shown in Fig. 9, The nonlinear varia- 
tions of stability derivatives with Mach 
number and angle of attack are 
accomplished on four special inter- 
polating servos which provide 17 inter- 
polating points selected, as necessary, 
over the Mach range for each of the 
derivatives. The nonlinear variation 
of the derivatives with the angle of 
attack at the required Mach number 
points are obtained from a rack of 60 
fixed-base diode function generators. 

The greatest utilization of the simu- 
lator is obtained when the pilot is 
included as part of the control loop. 
Before discussing specific applications 
of the simulator in the X-15 program, it 
might be well to review a complete 
simulated flight of the X-15. Typical 
analog traces of a piloted design 
altitude mission as flown on the simu- 
lator are shown in Fig. 10. The 
fight begins at drop conditions, at 
Mach 0.8, at approximately 45,000 ft. 
The throttle is opened immediately after 


Fig. 6. Simulator cockpit. 


drop, and the pilot makes a pullup to 
a-= 8 deg, which is maintained until 
the proper climb angle is established. 
(For a 250,000-ft-altitude mission, this 
angle is 30 deg.) Pitch angle is then 
held constant until burnout, at which 
time an a = 0) ballistic trajectory is 
established. It is well to note that this 
represents only one of several acceptable 
techniques for performing the exit phase. 
During the period of engine burning, 
control is required to correct for thrust 
misalignment. Burnout occurs approx- 
imately 90 sec from drop, at a velocity 
of 6,200 fps, at 160,000 ft. The effects 
of thrust misalignment are seen in the 
oscillations in angle of attack and 
sideslip. At burnout, the pilot begins 
use of the reaction control and continues 
this means of control throughout the 
ballistic phase of the trajectory. The 
recovery used in this particular flight 
was an angle of attack of 15 deg, 
established at approximately 200,000 
ft during re-entry. The required aero- 
dynamic trim for this attitude can be 
set at any time, and the reaction control 
system then used to establish the re- 
quired angle of attack. As the dynamic 
pressure builds up; the load factor is 
seen to increase, and for this mission, 
the pilot performed the recovery with 
the maximum of 5g. Following the 
successful recovery, which occurs in this 
case at approximately 85,000 ft at 
approximately Mach 5, the altitude is 
held constant as the airplane decelerates 
until the desired descent speed is 
reached. 

Consider now what this complete 
flight simulation allows in the way of 
system development and testing. Since 
the pilot can essentially fly the com- 
plete mission, a complete evaluation of 
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controls, displays, and augmentation 
devices is possible long before flight. In 
the case of the X-15, the complete flight 
control system (including the stability 
augmentation system) which was origi- 
nally designed and specified on the lim- 
ited 6-deg simulation was later included 
in a closed-loop simulation in its exact 
prototype form on the complete mech- 
anization. The simulation tests on the 
complete system revealed several in- 
adequacies due to the nonlinear char- 
acteristic of the control system; these 
were corrected before flight. An ex- 
ample of these was a SAS-induced 
lateral oscillation which occurred at high 
gain flight condition. Fig. 11 shows 
this effect during a simulated re-entry 
before and after corrective action was 
taken. This was first encountered on 
the simulator when the prototype SAS 
was included in the loop. Additional 
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Fig. 8. Analog simulation. 


study showed that this effect was caused 
by mechanical lags due to linkage 
deformation not accounted for in the 
design analysis. 

The simulator was used extensively 
for pilot evaluation of the cockpit 
control and instrument hardware under 
simulated flight conditions. This re- 
sulted in changes or modifications in the 
control system feel characteristics and in- 
strument location, and a redesign of the 
right-hand console stick. The centri- 
fuge tests described earlier were also 
very instrumental in optimization of the 
side stick configuration. Fig. 12 shows 
the right-hand stick in its present con- 
figuration, compared with two early 
designs which progressed to the stage of 
simulator evaluation. It is significant 
that these early configurations appeared 
satisfactory from both the pilot’s and 
human engineer’s viewpoint when eval- 
uated in an early cockpit mockup. It 
was not until the pilot was able to 
utilize the stick to perform the re- 
quired control function during simulated 
flight that the deficiencies and limita- 
tions of the controller were evident. 

The versatility of the combined 
simulator and analog mechanization 
has been more recently demonstrated 
by the design evaluation and hardware 
testing of two separate autopilot sys- 
tems on the simulator. Both of these 
were complex, adaptive-type autopilots 
which included attitude-hold ‘modes, 


reaction and aerodynamic control in- 
tegration, and other refinements to the 
basic X-15 control system. These 
autopilots were included as a part of the 
closed-loop control system, and their 
performance was completely evaluated 
under conditions of the X-15 mission 


profile. Considerable design changes 
and improvements were made as a result 
of these tests, and at the present time, 
one of these advanced systems is being 
readied for X-15 flight evaluation, 
During flight testing of this system, a 
simulator support program will provide 
the pilots with preflight training and 
familiarization with its operational 
characteristics. 

In addition to systems development 
and stability analysis applications, the 
simulator has proved invaluable in 
studies involving the pilot, his control 
requirements and training, and flight- 
test planning and support. An example 
of these is the early development of 
reaction control techniques. Since the 
basic X-15 originally had no provisions 
for stability augmentation through the 
reaction control system, the control 
characteristics were those of a perfectly 
neutral, undamped system unlike any 
vehicle with which pilots were familiar. 
Prior to establishment of final reaction 
control fuel requirements, several pilots 
were trained on the simulator to perform 
this type of control, and a realistic duty 
cycle was then obtained. It is signifi- 
cant that gross reductions in fuel re- 
quirements were obtained after a pilot 
had experience on the simulator. Also, 
it was found that only a minimum 
amount of experience was _ required 
(10 to 20 “‘flights’’) for the pilot to reach 
his near-optimum degree of efficiency. 

More recently, the simulator has 
been utilized by the Air Force, NASA, 
and North American almost exclusively 
for pilot training and flight planning. 
In order to appreciate fully the value of 
a simulator in this capacity, it is 
necessary to consider in some detail the 
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Fig. 9. Nonlinear computing equipment. 
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X-15 flight-test program. First, of 
course, the cost of an X-15 flight is quite 
high, requiring that all possible benefit 
be derived from each mission in terms 
ofresearch data. The cost factor is also 
reflected in the necessity for taking 
reasonably large steps in performance 
during the flight buildups, which re- 
quires that each flight be thoroughly 
evaluated prior to its acceptance. The 
safety aspect of research flight planning 
provides the greatest single requirement 
for adequate simulation. The simu- 
lator allows the research pilot to evalu- 
ate thoroughly all aspects of a proposed 
fight, including all conceivable mal- 
functions or emergency situations. 

The ground positioning, or naviga- 
tional problem, is a critical considera- 
tion in flight planning because of the 
limited glide range of the X-15. This 
problem is analyzed on the simulator, 
with the aid of a detailed map of the 
fight area (Fig. 13) on an X-Y plotter 
upon which the simulated flight path is 
plotted. This permits the pilot actually 
to fly simulated emergencies, such as 
premature engine shutdown, at all 
points along the proposed flight path, 
and to determine the optimum ap- 
proaches to the selected emergency 
landing sites. It is interesting to note 
that the plotting board used in the 
simulation is identical to the ones used 
at the ground station during an actual 
flight—except, of course, that, at the 
actual control station, the flight path 
is plotted from radar tracking signals 
rather than from analog signals. This 
permits the flight-test engineer to 
review, or rehearse, the proposed flight 
with the pilot on the simulator. 


As a result of 3 years of continuous 
operation of the X-15 simulator in 
many various applications, certain gen- 
eral conclusions may be drawn regarding 
operation, accuracy, and efficiency of 
complex analog mechanizations. The 
six-degree-of-freedom analog simulation 
has been operated in excess of 10,000 
hours in support of the X-15. Over 
5,000 hours have been logged in the 
flight control simulator. The simulator 
is generally on a_ two-shiits-per-day 
schedule, and on this basis, an opera- 
tional utilization of approximately 85 
percent is realized. Down time may be 
attributed equally to equipment prob- 
lems and to checkout. It has been 
found that, for a computer complex as 
large as this, daily problem checks are 
a requirement. So-called ‘‘dynamic’”’ 
checks, or stability checks, are made by 
comparing the simulator with IBM- 
computed transients obtained during 
preprogramed roll maneuvers at several 
constant-velocity flight conditions. 
These five-degree-of-freedom checks 
have been found to be most adequate 
in ensuring correct stability character- 
istics throughout the flight regime. 
Good accuracy is obtainable with the 
analog computer in stability com- 
putations since they generally involve 
short time transients for which the 
analog is well suited. 

Performance checks are also made at 
regular intervals, and involve com- 
parison of IBM-computed trajectories 
with analog results. It is in this area 
that the checks become most critical. 
Minor discrepancies in the computer 
operation can cause excessive errors in 
performance checks, primarily in 
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Fig. 12. Side-located aerodynamic controller. 


This is because 
of the long time computations involved 
(from 5 to 20 min, depending on the 
condition) and the resulting susceptibil- 
ity of the solution to computer drifts 


altitude and range. 


and noise, and to nonlinear servo 
characteristics. It has been possible, 
however, to recognize the source of these 
errors and, by proper computer checks, 
obtain the accuracy necessary for the 
X-15 performance problem. The ac- 
curacy usually obtained in computing 
such parameters as range, altitude, and 
velocity over a 20-min simulated flight 
is within 2 percent. 

Final proof of the validity of the 
simulation is, of course, demonstrated 
in how well it compares with actual 
flight results. The pilots who have 
flown the X-15 consider the simulator to 
be a very close simulation of the actual 
airplane flight characteristics. In fact, 
the simulator has become an integral 
part of the pilot’s flight preparation 
program as a result of the pilot’s own 
acceptance of the accuracy and value of 
the simulator. Fig. 14 shows a per- 
formance comparison of XLR-11 maxi- 
mum-speed flight with the analog-pre- 
dicted flight run prior to the actual 
flight. The discrepancies noted are, to 
a great extent, the result of atmospheric 
variations—i.e., nonstandard days and 
wind shears. Fig. 15 shows the same 
comparison for the maximum-altitude 
flight with the XLR-1l engine. During 
all speed and altitude buildup flights, 
simulator-predicted performance has 
been matched to within 0.1 Mach and 
3,000 ft altitude. The stability char- 
acteristics of the X-15 have also been 
adequately predicted on the simulator, 
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Fig. 13. Variplotter for simulated high-range plotting. 


although it is in this area that minor 
discrepancies in wind-tunnel data reflect 
the largest differences in simulator 
matches. The simulation is used, in 
this regard, to determine the variation 
in stability derivatives necessary to 
obtain exact flight data matches, and in 
this manner the validity of wind-tunnel 
data is established. 

Fig. 16 shows a simulator comparison 
of the data obtained during the landing 
of the first X-15 glide flight. This 
demonstrates the validity of the simula- 
tion in duplicating the low-speed dy- 
namics and performance of the airplane, 
but at the same time, it may be used to 
indicate an area in which the simulation 
was proved to be deficient The pitch- 
ing oscillation experienced during the 
landing flareout, although duplicated 
almost perfectly on the simulator after 
the flight, was not predicted from simu- 
lator experience prior to flight. The 
problem resulted from a higher level of 
control sensitivity associated with the 
side-arm controller than was expected. 
This characteristic was not predicted on 
the simulator because of lack of critical 
cues, such as the visual horizon and the 
actual motion of the airplane, during the 
landing simulation. 

It is of interest to compare the X-15 
simulation requirements with those of 
currently projected manned space ve- 
hicles, and to consider some of the 
expected problem areas in view of X-15 
experience. In the X-15 program, the 
major simulation requirements have 
been described as being related to con- 
trol system development and testing, 
stability evaluation, pilot task studies, 
mission planning, and pilot training. 


XLR-Il ENGINES 


BURNOUT 
/ 


FLIGHT 
WEE: ANALOG PREDICTED 


0 | MACH 
2.42.8 3.23 6INUMBE 


Fig. 14. X-15 maximum-speed flight. 
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Fig. 15. X-15 maximum-altitude flight. 


These requirements result primarily 
from the fact that the vehicle utilizes 
the man for command and control, and 
that it is designed to fly at conditions 
far advanced over any encountered at 
the time of the vehicle design. The 
extension of this reasoning to manned 
space systems is obvious. The system 
development and testing requirements 
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for these advanced vehicles will far 
exceed those of the X-15 because of the 
greater number of systems requiring 
integration and pilot evaluation and 
because of their increased sophistication 
and complexity. The importance of 
early simulator evaluation of subsys. 
tems critical to the space mission js 
demonstrated by the advanced system 
programs which have been accom. 
plished, or are being planned, on the 
X-15 simulation. The stability and 
control characteristics of aerospace 
vehicles, particularly during re-entry, 
will require simulator analysis and pilot 
evaluation over a much greater range 
of flight conditions than for the X-15, 
The effects of the expanded flight 
envelope will also be reflected in in- 
creased simulation requirements in areas 
of human engineering, mission planning, 
and pilot training. 

Even these very general considera- 
tions leave no doubt that simulation 
will play an even more important part 
in space vehicle development and testing 
than was required on the X-15. Con- 
sider next the problems which may 
be expected in providing this required 
simulation capability. The critical 
problem areas which have been encoun- 
tered in the X-15 simulation have al- 
ready been described as being related pri- 
marily to performance. These resulted 
from long time computation require- 
ments in which computer drift and 
accuracy limitations become critical. 
It is apparent that these problems will 
become more serious in space mission 
simulation because of the larger mission 
time. The ranges of important vari- 
ables which must be mechanized for a 


Fig. 16. First glide flight landing flareout. 
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Fig. 17. Re-entry dynamic pressure variation. 
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typical aerospace configuration will be, 
in many cases, greater than those 
required in the X-15 simulation and will 
create additional scale-factoring prob- 
lems. Typical of these are velocity, 
Mach number, and altitude. In some 
instances, however, the X-15 require- 
ments may be the more severe. For 
example, the range of dynamic pressure 
for which the X-15 is designed (0 to 
2,500 psf) is much greater than will be 
required in winged re-entry vehicles. 
The rates of change of dynamic pressure 
in the X-15 mission are even more sig- 
nificant. Fig. 17 shows dynamic pres- 
sure rate of change during re-entry as a 
function of re-entry angle. It is seen 
that the steep re-entry angles required 
for the X-15 result in much more severe 
dynamic pressure changes than are 
experienced by orbital re-entry vehicles. 

Space simulation requirements will 
allow particular phases of the complete 
mission to be mechanized individually 
in order to limit the range of variables 
and minimize the computation time 
required. For instance, simulation of 
the boost, orbit, and re-entry phases of 
a complete orbital mission in a single 
mechanization becomes impractical by 
current analog techniques. However, 
ifeach phase is mechanized individually, 
with appropriate scale factoring, satis- 
factory results may be obtained for 
most applications. For example, the 
major portion of the orbital re-entry 
problem may be simulated at altitudes 
above 100,000 ft. Since the X-15 
simulation adequately duplicates air 
density from sea level to 250,000 ft, the 
requirements for simulation of air 
density for an orbital re-entry problem 
are no more severe than for the X-15. 

Some preliminary studies have been 
conducted utilizing conventional analog 
techniques to mechanize various aero- 
space missions. The vehicles simulated 
were an orbital re-entry system and a 
lunar return vehicle. The X-15 flight 
simulator was used to allow pilot 
participation in analysis of such prob- 
lems as high-angle-of-attack stability 
during re-entry and flight path control 
during aerodynamic deceleration from 
lunar return velocities. Analog data 
showing a piloted lunar return maneuver 
are shown in Fig. 18. As the vehicle 


approaches the earth at approximately 
36,000 fps along an optimum flight path 
which has been established many hours 
earlier, the pilot rolls 180 deg and, by 
utilizing aerodynamic lift, maintains a 
constant altitude as the velocity slows to 
suborbital. In this application, the 
analog simulation was found to be quite 
adequate in establishing pilot capability 
and control techniques since the critical 
portion of the problem—namely, the 
establishment of the proper approach 
trajectory—was assumed to _ have 
already been accomplished. Also the 
maneuver considered required relatively 
high aerodynamic forces at velocities ap- 
preciably greater than orbital, so that the 
differences between gravity and aero- 
dynamic effects were not critical. 
Fig. 19 shows the effects of a 0.1 percent 
error in either of the components of 
acceleration during a simulated re-entry 
from a near-circular orbit in which 
aerodynamic drag is used to decelerate 
the vehicle at perigee. Here the effects 
on performance during re-entry are seen 
to be quite severe because of the near- 
equal values of gravity and centrifugal 
acceleration. 

It was apparent from these studies 
that the analog mechanization provided 
adequate simulation of dynamic char- 
acteristics but that very accurate 
performance results could not be ob- 
tained; thus providing verification of the 
trends extrapolated from X-15 results. 
In order to obtain the accuracy nec- 
essary for orbital or near-orbital space 
simulation applications while maintain- 
ing the flexibility inherent in analog 
computation techniques, the need for 
combined analog-digital computation is 
apparent. It is believed that the X-15 
simulation program pushed analog tech- 
niques to their limits, and, in fact, 
instances were noted where the accuracy 
obtained was marginal. Based on these 
results, it is apparent that digital 
techniques must be resorted to in future 
simulations. 

To summarize, it would be well to 
reiterate that the X-15 flight simulator, 
as it exists today, is the result of design 
requirements as projected early in the 
program. The requirement to include 
the pilot in the loop as an integral part 
of the systems development and testing 


Fig. 18. Lunar vehicle re-entry. 
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Effects on analog errors in near-circu- 
lar orbit computations. 


provided the major justification for the 
detailed duplication of displays and 
flight controls, and for the extensive 
six-degree-of-freedom analog simula- 
tion of the airplane motion. Since the 
application for which the simulator has 
been utilized in the latter phases of the 
program—namely, mission planning and 
pilot training—was not clear-cut in the 
beginning, we were fortunate that early 
requirements dictated the simulation 
approach which was pursued. It has 
been indicated that the X-15 simulation 
requirements were similar in many 
respects to those which may be expected 
in simulation of more advanced vehicles, 
and that the problems which were en- 
countered are a definite indication of the 
difficulties which may be expected. 
Consequently, it appears that the 
X-15 simulation requirements, tech- 
niques, and problems should prove 
helpful in future programs, both in early 
definition of the overall simulation 
program to be followed and in deter- 
mining the best approach to accomplish 
the program. 
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GEM Aerodynamic Drag (contined from page 25) 
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Third, a peripheral jet GEM will 
be considered. This type of GEM 
makes up a flow pattern similar to that 
of a plenum chamber GEM. The 
main difference is that, for a peripheral 
jet GEM, the ejected airflow is apt to 
suffer some additional energy loss as 
a result of impingement against the 
ground surface. Essential part of the 
internal drag, however, may result from 
rotation loss as in a plenum chamber 
GEM, according to the present authors’ 
opinion. 

Concludingly, the present authors 
think that the internal flow brings about 
a drag through essentially similar mech- 
anism, “rotation loss,” for ram wing, 
plenum chamber and peripheral jet. 


(3) Two Examples of Drag 
Breakdown of Peripheral Jet GEM 


There are two data published by 
Kuhn and Carter! and Nixon and 
Sweeney? which concern drag break- 
down of peripheral jet GEM. Two 
sets of curves in Fig. 2 are constructed 
by the present authors, using these 
data. The curves (1) show us that 
total drag with internal flow is much 
less than Dy + Dmom. Furthermore, 
the curves (2) show that total drag D 
isless than Dom only; thus, the parasite 
drag in power-on condition Dy,» can 
become negative in a range of (espe- 
cially low) velocity. The value of 
curves (1) suggests that there exists 
large “interference thrust.” The au- 
thors cannot know on what conditions 
drag was measured by the writers'?; 
for example, were the air intake and 
nozzle exit faired or not during measure- 
ment of power-off drag, and was the 
attitude of the GEM carefully con- 
trolled or not during measurement of 
power-on drag? It is clear, however, 
that the interference thrust, sufficiently 
large to make parasite drag negative 
in power-on condition, should be mainly 
attributed to partial conversion of the 


pheral jet GEM. 


flight velocity fps 


{b) tromreference (i) 


ejected jet momentum into the pro- 
pulsive force. It is the authors’ opinion 
that any reduction of frictional drag 
on the base surface and disappearance 
of dead area, such as air intake and jet 
nozzle exit, in power-on condition are 
rather minor parts of the interference 
thrust. 


(4) Tentative Model of Flow 
Pattern About a GEM 


Many previous writers showed that 
some types of jet, being located near 
the jet exit, induce vortices and change 
remarkably the pressure distribution 
over the ground surface and/or body 
surface. Fig. 3 shows some of these 
situations. Especially (a), (b), and 
(e) in Fig. 3 attracted the present 
authors’ attention, and suggested the 
following image of the flow pattern 
arounda GEM. A preliminary experi- 
ment confirmed this pattern for a few 
rugged ram wings, but the image will 
be only a tentative one for general 
types of GEM such as plenum and 
air curtain. 

The image of the flow pattern is 
shown in Fig. 4. To simplify the 
description, we use the following terms: 


external flow, airflow not passing inside of a 
GEM 
internal flow, airflow passing inside of a 
GEM, through compressor fan 
ingested air, from infinite upstream to air 
intake of aGEM 
ejected air, from nozzle exit of a GEM to 
infinite downstream 


First let us consider the flow pattern 
of the ejected air. In front of a GEM, 
the external flow curls up the ejected 
air, which energizes a trapped vortex 
located ahead of the GEM and passes 
partly over the GEM to infinite down- 
stream. 

A part of air ejected at the rear of a 
GEM seems to run simply along the 
ground surface to the infinite down- 
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stream. No trapped vortex exits 
behind the GEM because the external 
flow and ejected air prevent each from 
curling the other. 

A part of air ejected at the sides of a 
GEM will induce a vortex parallel to 
the free stream at each side. These 
vortices seem to be joined together by 
the trapped vortex ahead of the GEM, 
thus a horse-shoe vortex will appear. 
A GEM will run dragging such a U-type 
vortex on the front edge. The present 
authors think a mechanism generating 
is created by the side vortices, as 
follows: A part of the air ejected 
at both sides of a GEM will separate 
from the outside surface of the GEM, 
not running close to it; the external 
flow here will be induced to construct 
a vortex. Furthermore, the discharged 
internal flow will be curled up, being 
sucked by a negative pressure area 
over the GEM upper surface. Thus 
the two reasons, separation of ejected 
air and suction by the negative pressure 
over the GEM upper surface, can be 
thought of as a possible mechanism of 
the side vortices. At present it is not 
clear which reason is predominant. 

At larger flight velocity than a critical 
value, the trapped vortex will vanish and 
only the side trailing vortices will remain. 
The cruising condition perhaps gives 
this situation. If the ejected air 
would not suffer any loss and run with 
complete propulsive momentum, then 
the GEM would get the thrust expressed 
by 


Tj = mV,! = mV2Pi/p 


which is a major part of the ideal 
interference thrust. 

This value is, of course, sufficiently 
large to cancel the ingested airflow 
drag—namely, momentum drag. Un- 
fortunately, for most current GEM'’s, 
this ideal situation does not occur. 
The energy (or momentum) dissipation 
of ejected air results from the two 
mechanisms; the one is direct mixing 
mainly due to impingement of the air 
against the ground surface, and the 
other is trailing vortices loss—viz., 
rotation loss. For a plenum chamber 
GEM, rotation loss is predominant 
and the direct mixing loss is negligible. 
For a peripheral jet GEM, the direct 
mixing loss may not be negligible, 
nevertheless the rotation loss may 
still be a major part of the total loss. 

The propulsive thrust caused by the 
ejected air is a component, parallel to 
the free stream, of the ejected air 
momentum sufficiently rearward of the 
GEM. The GEM, however, must feel 
the thrust as the favorable change in 
pressure distribution over its surface. 
For the plain GEM, thrust-feeling 
surface is the upper surface only. For 
the forward-inclination GEM, the major 
thrust-feeling surface is, of course, the 


Aerospace Engineering 79 


$ 
| 
10} | (2) 
| 
0 10 20 30 40 
3 
| 
erry 
ae 


JAS/ARS JOINT MEETING 


61-88 -1782 Trends in Air Cargo—H. Carter & J. Jackovich 


61-89 -1783 Factors ndaingthe Future Domestic Market for Air Cargo Service— 61-134-1828 
G. Busch & K. Mayer 61-135-1899 
61-91 -1785 Air Trailer Transportation—W. Ligon ys 
61-92 -1786 Economics of Air Eligibility—L. Regan & G. Harris 61-143-1837 
61-95 -1789 Maximizing Reliability for One-Shot Space Missions—S. Morrison 61-144-1838 
61-96 -1790 One-Shot Mission Success for Minimum Cost—W. Cox & W. Harter 
61-104-1798 Short Haul Air Transportation—W. Kennedy 61-146-1840 
61-105-1799 Aerodynamic Characteristics of Subsonic V/STOL Transport Air- 
planes—M. Kelly & C. Holzhauser 611-147-1841 
61-106-1800 Application of Laminar Flow Control to Transpert Aircraft—W. Gasich 61-149-1843 
61-115-1809 Prediction of Optimum Approach & Landing Techniques-Manned Re- 61-150-1844 


entry Gliders—L. Gaines & T. Surber 
61-116-1810 Second Order Theory of Entry Mechanics into a Planetary Atmos- 
phere—W. Loh 61-151-1845 


61-118-1812 Instrument Flight Simulator Study of VTOL Controllability-Control 


Power Relationship—J. Patierno & J. Isca 61-158-1852 
61-119-1813 Characteristics of Lifting Fan V/STOL Logistic Transport— 61-162-1856 
E. Kazan & W. Bergen 611-183-1877 

61-120-1814 Influence of Two-Dimensional Stream Shear on Airfoil Maximum Lift— 
. Vide 61-190-1884 

61-123-1817 a Concept of Management for Ground Environment Area— 
» 61-194-1888 

61-124-1818 Universal Program-Comparator Checkout Equipment & Logistical 
Role of Anchors Penton Elective Grownd 

ole o perationa nalyses in Planning EHective Missile Groun 

System—S. Firstman 61-196-1890 

61-126-1820 Compiling of Autcmatic Test Equipment Programs—E. Quinn and 
61-210-1904 


. Chipps 
61-129-1823 Study of Solid-Fuel Ramjet Applications—P. Munter 


LOS ANGELES, JUNE 13-16, 1961° 


Description of Weapons Assignment Research Model (WARM)— 
. lotsche 
General Purpose Simulator for Airborne Computers—E. Carter 
Design Alternatives for In-Flight Maintenance—R. Demaree 
hen Engineering Principles of Design for In-Space Maintenance— 
. Pigg 
Predicting Human Reliability-lmplications for Operations & Main. 
tenance in Space—R. Kaufman, T. Oehrlein, & M. Kaufmann 
Some Experiments of Human Maintenance Behavior—M. Grodsky 
Unified Engineering Theory of High Stress Level Fatigue—S. Valluri 
Structural Aspects of Low Drag Suction Aijrfoils—J. Wieder 
. Pfenninger 
Leading Edge Design with Brittle Materials—F. Anthony @ 
A. Mistretta 
Mercury Animal Program—J. Henry and J. Mosely 
The Mini-Recorder System—J. Renfro 
Directive Non-Oriented Reflectors as Passive Satellites in Long 
Distance Communications—Y. Stahler & A. Johnson 
The Magnetic Particle Clutch-A Versatile Control Element for Rocket 
ystems—B. Grau & B. Chubb 
X-15 Flight Simulation Program—N. Cooper 
Piloted Simulation Studies of Re-entry Guidance & Control at Parabolic 
Velocities—R. Wingrove & R. Coate 
The Simulator as a Human Factors Research Tool for Manned Space 
Flight—G. Simon 
Flow Past Slender Blunt Bodies-Review & Extension—R. Capiaux & L. 
Karchmar 


*See pp. 30 and 62 for other IAS publications available. 1!AS/ARS Member price, 50c each. Nonmember price, $1.00 each. 


Order by number from: Special Publications Dept., IAS, 2 


E. 64th St., New York 21, N.Y. 


IAS SPECIAL PUBLICATIONS 
Member Nonmember 

Vehicle Systems Optimization Symposium Proceedings, 1961 (168 $5.00 $10.00* 
1AS/Army Aviation Meeting Proceedings - 1961 (68 pp.)..... 2.50 5.00* 
National Midwestern Meeting on Air Logistics Proceedings - 1960 (116 pp.)............... 5.00 10.00* 
Weapons Systems Management - National Midwestern Meeting 

National Symposium on Hypervelocity Techniques Proceedings - 1960 (176 pp.)............ 5.00 10.00* 
Recovery of Space Vehicles Symposium Proceedings - 1960 (104 pp.)...............2..-5- 4.00 8.00* 
National Specialists Meeting on Dynamics & Aeroelasticity Proceedings - 1958 (136 pp.)..... 3.50 6.00* 
1961 National Telemetering Conference Report.......... 3.50 5.50" 
1960 National Telemetering Conference Report....... 4.50 6.50* 
1959 National Telemetering Conference Report....... 3.00 4.00* 
Frontiers of Science & Engineering Symposium Proceedings - 1959 (132 pp.)................ 5.00 10.00* 
Fourth Turbine-Powered Air Transportation Meeting Proceedings - 1959.................... 2.00 4.00* 
Second Turbine-Powered Air Transportation Meeting Proceedings - 1955................... 3.50 6.00* 
Tth Anglo-American Aeronautical Conference Proceedings - 90.00 925 .00* 
5th International Aeronautical Conference Proceedings - 1955... eee 15.00 20.00* 
2nd International Aeronautical Conference Proceedings - 1949... 5.00 5.00* 
National Naval Aviation Meeting Proceedings - 1957 (124 pp.).. 3.00 5.00* 
Index to Books on Selected Technical Subjects in the [AS Library 

10.00 15.00* 
Aeronautical Engineering Index - 1956 and 1957 10.00 15.00* 
Aeronautical Engineering Index - 1947 through 1955 (each)...... 3.00 5.00* 

* Add $1.00 for orders outside the U.S.A. 

These may be obtained by writing to: Special Publications Dept., IAS, 2 E. 64th St., N.Y. 21, N.Y. 


Aerospace Engineering + November 1961 


F 


la 
| 
4 
+> + > 
2 
nc 
ae of 
mo 
sur 
the 
por 
aut 
tio! 
: the 
int 
0 
re 


7 7 7777 77 7 , 7 7 


(a) plenum chamber GEM 
(free stream velocity zero) 


(c) Levapad 


(d) annular jet without 
ground effect 


fs] 


(b) peripheral jet GEM 
(free stream velocity zero) 


force 


trapped vortex 


=. 


“4 NASA TN 0-317" 


777777777 
two dimensional GEM 
onera® 


~— “free stream velocity not zero 


(e) effect of the free stream velocity on 
formulation of vortex and pressure dis- 
tribution over the ground surface 


eeefree stream velocity zero 


Fig. 4. 
Fig. 3. Jets induce various types of vortices, which reduce the pres- 
sure on the ground surface or body surface. 
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150-mm diameter 


Flow 


for separate propulsion GEM, 


A = momentum defect 
due to, mainly, 
internal flow 


~~ trailing vortices 
produced by the 
ejected air 


for forward incl ination-GEM 
or for integrated system GEM 
B+C=0 


Tentative model of flow pattern around a GEM. 


Dmom 


negative power 


GEM with skegs possible types 


plain GEM with of interference 


‘large aspect ratio thrust, Tint 


plain GEM with smal! aspect ratio 
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inlet velocity/free stream velocity ViniNe 


Fig. 5. Drag breakdown of air scoop. 


Fig. 6. Schematic diagram of interference thrust for some typical 


GEM's. 


GEM base surface which forms a 
“nozzle’’ converting the pressure energy 
of the ejected air to the rearward 
momentum together with the ground 
surface. It has been believed that 
the propulsive force is a forward com- 
ponent of the lift vector acting on the 
GEM base surface. But the present 
authors think there exists some addi- 
tonal interference thrust acting on 
the GEM upper surface. For the 
mtegrated air curtain GEM, the major 


thrust-feeling surface is nozzle exit, 
again the lower portion of the GEM. 
Nevertheless, the authors believe that 
some additional thrust may be felt on 
the GEM upper surface and _ total 
available thrust in forward motion 
seems to be much larger than the 
value assumed by Chaplin,*, * which is 
equal to the value for a hovering GEM. 

It is noteworthy that the flow pattern 
produced by a forward-inclination GEM 
may be similar to the flow pattern 
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produced by an integrated air curtain 
GEM, when one observes the flow from 
a point sufficiently behind the GEM’s. 
If these two GEM’s fly at a steady 
speed, then the resultant rearward 
component of the all-airflow momentum 
should be zero. Breakeven point thus 
depends on cushion power required to 
conquer a given roughness of the ground 
surface at the same flight velocity. 
But this subject is out of the range of 
the present paper. 


Aerospace Engineering 81 


ig 
er & |__| ATTY: -- 
ocket 
bolic 
pace Beste, 
Tloy 
: 
| 
| 
—--—---- 
Comom 
| 
0 
2 


Second we consider the effect of the 
ingested air; the ingested airflow seems 
to play a rather minor role when con- 
trasted with the ejected airflow. Nixon 
and Sweeney? suggest that interference 
thrust (momentum recovery, in their 
terms) would be attributed mainly 
to sink effect on the external flow. 
However, this effect-is not sufficient to 
explain the negative parasite drag. 
Let us suppose a uniform flow over an 
infinite flat surface. Let us then add 
an arbitrary hump on this surface and 
an air-ducting system, which has an 
arbitrarily tilted air intake in the hump 
and sucks in the air at some mass flow 
rate. If we restrict this to a potential 
flow, then the resultant force felt by 
this complete arrangement should be 
mass flow rate times  free-stream 
velocity. It is important to note that 
this force results from the pressure 
change over the entire surface which 
contains not only the duct system but 
also the hump. Thus, it is the present 
authors’ opinion that GEM momentum 
drag should be felt distributedly over 
the entire upper surface of the GEM, 
not just restrictedly in the air intake. 
However, the following viscous effects 
should not be neglected: 


(1) The boundary layer developed on 
the GEM upper surface will decrease 
the momentum drag and ram effect; 
the layer should be removed from the 
ingested air. 


(2) The ingested air tends to reduce 
the upper surface drag to the level of 
Dmom + Dyriction, through the con- 
siderable reduction of external flow 
separation. This favorable effect was 
pointed out by Nixon and Sweeney,” 
and was justified roughly by the data 
shown in Fig. 5 which is cited from 
Hoerner.’ It should be noted that 
this effect cannot decrease the parasite 
drag to a negative value. 


Consequently, the generating mecha- 
nism of interference thrust is thought 
to be as follows: 


(1) Tintsx—The disappearance of dead 
area at the air intake and nozzle 
exit, and considerable reduction of 
frictional drag on the GEM base in 
power-on condition. 


(2) Tintz—The ingested air and the 
air ejected at the rear bring about a 
favorable effect on the external flow; 
they tend to prevent the external flow 
from separating and to reduce the 
parasite drag to the level of the fric- 
tional drag only. 


(3) Tints—The ejected air has energy 
in the form of its total pressure 
Py, some part of which is converted 
to propulsive work in the process of 
expansion; the air ejected at the rear 
works most effectively and that ejected 
at the front has some propulsive effect 
through its curl-back and suction force 


which are caused by the front-trapped 
vortex. The air ejected at the sides, 
however, may lose its major energy. 
Note that points (1) and (2) can explain 
the reduction of the parasite drag to a 
very small level of frictional drag only at 
the ideal limit, but the negative parasite 
drag should be attributed to point (3). 
Most ideal would be the case where 
all terms of Tints, Tint, and Tints 
have their maximum values respectively. 

Furthermore, the authors point out 
that there exists a fundamental differ- 
ence between the induced drag of a 
conventional finite-span-wing and the 
internal drag of a GEM. The lift 
power of a conventional airplane is 
inevitable due to some essential down- 
wash. On the other hand, “true lift 
power” of a GEM is not always neces- 
sary*; what is necessary is to main- 
tain some of excess pressure, not to give 
power to the air cushion. The air 
cushion requires power only when the 
air scatters from the GEM base irre- 
spective of the scatter direction. Thus, 
for an ideal GEM in which the cushion 
air scatters only rearward, it could 
be said that the GEM requires power for 
propulsion only. 


(5) Tentative Expression of 
Aerodynamic Drag 

Considerations presented in the pre- 
ceding paragraph seem to justify the 
following expression for the drag of a 
GEM: 


D= (D,' Dmom Tint) + 


felt on the GEM 
upper surface 
(Diy + W tan a — yT;) + Duater spray 


felt on the GEM base 
(5.1) 


where 


S 
lI 


fictitious parasite drag; 
measured drag on the 
GEM the air intake and 
nozzle exit of which are 
shut by fairing covers, 
minus skin friction drag 
over fairing covers and 
base surface 
mass flow rate X flight 
velocity 
Tint = interference thrust Ting: 
+ Tints 
Dis = frictional drag on base sur- 
face 
W tana = drag due to attitude of 
GEM (a is _ positive 
when front part is up, 
in radian; this drag re- 
sults from c.g. shift, 


ll 


Dimom 


*For example, a diffuser-recirculation 
type GEM requires no cushion power, ac- 
cording to the simplified ideal theory.* 
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change in jet thrust dis. 
tribution, or existence 
of water wave drag) 

Tj; = propuisive component of 
jet momentum, meas. 
ured at nozzle exit; not 
zero for integrated air 
curtain GEM 

Dwater spray = drag due to water spray; 
in general, negligibly 
small at cruising speed 


Eq. (5.1) reduces to the following 
simple form for typical GEM’s: 


D = (D,’ + Dmom — Tint) = 
(5.1'a) 
for plain GEM 


W tan (—a) = 0 (5.1’b) 
for forward-inclination GEM 


D’ = (D,’ + Dinom Tint) 
yT; = 90 (5.1'e) 
for integrated system GEM 


where two terms Dyater spray and Dy 
are neglected. In the present state of 
the art, one cannot estimate T;,, with 
sufficient accuracy, despite its signifi- 
cance. 

To understand the nature of inter- 
ference thrust Tint, let us consider 
change in this quantity with increasing 
flight velocity. It is instructive to 
consider the upper limit of the inter- 
ference thrust The reasonable 
value of Tin:’ is simply given by the 
following form, as mentioned in the 
preceding paragraph: 


Tine’ = T;’ + (5.2) 
= =mV 2P1;/p 


where Dye,’ is the pressure drag, con- 
tainedin D,’. V,’ isa fictitious velocity 
reached by the ejected jet if the jet 
would expand isentropically from the 
pressure P,; to the free-stream pressure 
(zero), and 7,’ is the corresponding ficti- 
tious thrust. If is equal to P;.—vi2., 
no power or loss is added—then 7, 
is equal to Dmom as expected. Thus 
Eq. (5.1) for the most ideal GEM 
becomes 


(Dus + Dis) — Va) 
(5.1") 


where Dy; represents the skin friction 
on the upper surface. 

Chaplin® presented the very instruc 
tive theory, “simplified ideal theory,” 
which takes into account the momentum 
drag only as the inevitable loss, whereas 
the present authors propose the mosl 
ideal type of GEM which suffers the 
frictional drag only in contrast with 
Chaplin's theory. The most ideal GEM 
makes GEM’s future more promising 
than in the previous investigations, and 
also shows us the decisive direction 
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in order to improve performance of 
the present GEM’s. 

The actual interference thrust Tine, 
of course, cannot reach the value of 
Ti’. For illustrative purposes some 
curves for Tine are shown in Fig. 6. 
When the GEM is at rest, Tin, must 
be zero. For small flight velocity, a 
suction force may appear ahead of the 
GEM owing to the trapped vortex. 
This force seems to be proportional to 
7.V; and in practice it often has a 
sufficient amount to cancel the momen- 
tum drag completely (Fig. 2). For 
larger flight velocity, considerable differ- 
ence occurs between various types of 
GEM. First, the amount of Tin 
rather close to Tin:’ may be appear 
for GEM’s with skegs, in which the air 
quantity ejected at rear part of the 
GEM has large percentage and the air 
ejected at front part of the GEM is 
easily turned back with increasing 
fight velocity. For a plain GEM, 
however, the air quantity ejected at the 
both sides of the GEM increases with the 
flight velocity because of the negative 
ambient pressure at the sides. Thus 
most part of the ejected air energy may 
dissipate in the form of rotation loss. 
The flow pattern model given by the 
present paper thus explains satisfactorily 
the reduction of interference thrust at 
high flight speed which stimulated 
Nixon and Sweeney’s attention. Indeed 
the fact how the actual interference 
thrust closes to its upper limit 7;,;’ 
may essentially depend on the fact 
how much part of the air is ejected from 
the rear of the GEM. 

It is noteworthy that interference 
thrust has a similar nature, for pro- 
portionality to V at low speed and 
for the amount itself, to the momentum 
drag. This fact may continue to high 
speed range for GEM with skegs or 
high aspect ratio planform. Therefore 
the following expressions will be valid 
as the first order approximation: 


Tint = \Dmom (5.3) 
for GEM with skegs or high aspect ratio 
planform 


which leads us to 


Drom — Tint = #Dmom K (5.4) 
for GEM with skegs or high aspect ratio 
planform 


where \ and yw are quantities nearly 
independent of flight velocity. 

Of course contribution of the air 
ejected at the front of GEM, through 
suction force due to the trapped vortex 
and curl back of the ejected air, to the 
propulsive thrust should be determined 
by experimental data quantitatively. 
Nevertheless the present authors believe 
the excellent aerodynamic drag charac- 
teristics of GEM with skegs or large 
aspect ratio planform according to the 
following, somewhat different, reasons: 


With increasing flight velocity from 
zero, strength of the trapped vortex ahead 
of the GEM becomes larger, reaches 
the maximum and then becomes smaller; 
size of the vortex becomes smaller and 


‘the vortex goes to the front of GEM 


closer monotonously. At flight velocity 
larger than a critical value, the ambient 
pressure ahead of the GEM becomes 
positive value which is nearly equal to 
the free-stream dynamic pressure; the 
cruising flight velocity perhaps gives 
this situation Thus a flow rate of air 
ejected at the front becomes smaller with 
increasing flight velocity, whereas a 
flow rate of air ejected at the rear becomes 
larger, because some little separation of 
external flow here may be inevitable for 
any actual GEM. 

In conclusion, major part of the internal 
flow would be ejected from the rear of 
actual GEM with skegs or large aspect 
ratio planform, and thus the internal flow 
drag will be almost canceled. 


(6) Some Possible Methods for 
Decreasing Aerodynamic Drag 


The tentative flow pattern model 
presented in the previous sections leads 
us directly to the following method for 
decreasing the internal drag: 

(1) Use of skegs. 

(2) Large aspect ratio planform. 

(3) Forward inclination of GEM. 

(4) Integrated system. 

Of particular interest is the third 
method. Forward inclination GEM 
requires large internal flow for heaving 
the rear part of the GEM; this type 
of GEM suffers large momentum drag. 
However, much larger percentage of air 
may be ejected from the larger clearance 
at the rear in contrast to plain GEM. 
The present authors think that combi- 
nations between (3) and (1) or (4)— 
i.e., forward inclination GEM with 
skegs or forward inclination GEM 
with aft-tilted jet nozzle—may show 
excellent cruising performance. 


Conclusion 


A qualitative theory is presented in 
order to reveal the essential nature of 
drag of the ground effect machine. This 
tentative theory will be applicable to 
ram wing, plenum chamber and air 
curtain GEM, especially to the first 
two. The interference thrust is brought 
about by considerable reduction of 
flow separation due to the ingested and 
ejected air and partial conversion of 
the cushion pressure energy to pro- 
pulsive work. The previous explana- 
tion which deduced the interference 
thrust from mainly sink effect is in- 
sufficient. The plain GEM flies drag- 
ging a horse-shoe vortex ahead of the 
GEM. Ejected air loses its pressure 
energy essentially through flow rotation 
loss, which is brought about by the part 
ejected from the both sides. In order 
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to increase the interference thrust or 
decrease rotation loss, several methods 
such as use of skegs, large aspect ratio 
planform, integrated system or forward- 
inclination of the GEM may be effective. 

Lastly it should be noted that most 
of the description in the present paper 
is merely the present authors’ opinion 
and has not yet been confirmed experi- 
mentally. 
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THE IAS LIBRARY 


Publications treated in Jnter- 
national Aerospace Abstracts are 
maintained by the Library for use 
by the IAS Membership. They are 
not for sale but are made available 
through the facilities of the Library. 

Services: Institute 
members, both Individual and 
Corporate, may borrow periodicals, 
reports, and books for a period of 
2 weeks, excluding time in transit. 
Excepted are certain reference books 
and those IAS publications that 
may be purchased. 

Puotocopy Services: The Li- 
brary is equipped to provide, as 
a service, positive photocopies of 
certain materials in its collections. 
Rates on request. 

For detailed information about 
these and other services, write to: 


John J. Glennon, Manager, 
Technical Information Service 
Institute of the 
Aerospace Sciences, Inc. 
2 East 64th Street 
New York 21, New York 
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Honors 


and 


Awards 


of the IAS 


The IAS Honors and Awards program has for 


many years given recognition for distinguished 
achievement in the aerospace sciences. The IAS 
has a special brochure which covers the awards 
and their past recipients in detail. The following 
excerpts indicate the nature of this IAS program. 
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HONORARY FELLOWSHIP, the highest IAS honor may 


be accorded annually to two persons of eminence 
in aerospace technology, one of whom must reside 
in the U.S.A. 


IAS FELLOWS have attained a position of distinction 


in aeronautics and have made notable and valuable 
contributions in one of the aerospace sciences or 
in aerospace engineering. Not more than ten resi- 
dents of the U.S., and ten residing outside the 
U.S.A., may be elected in any one year. 


THE OCTAVE CHANUTE AWARD established by the 


IAS in 1939 honors the memory of the pioneer 
U.S. aeronautical investigator for whom it is 
named. It is given for ‘‘a notable contribution made 
by a pilot to the aerospace sciences." 


THE JOHN JEFFRIES AWARD, recognizing the im- 


portance to aeronautics of scientific endeavor in 
the field of medicine, honors the memory of the 
American physician who made the earliest re- 
corded scientific observations from the air. The 
award is given for “outstanding contributions to 
the advancement of aeronautics through medical 
research.” 


THE LOUIS W. HILL SPACE TRANSPORTATION 


AWARD carries the largest honorarium available 
through a scientific society — $5,000 to an in- 
dividual, or up to $10,000 in the event of a “‘team”’ 
contribution. 


THE ROBERT M. LOSEY AWARD established in 1940 


honors the memory of Captain Robert M. Losey, a 
meteorologist, the first officer in the service of 
the United States to die in World War II. It is pre- 
sented ‘‘in recognition of outstanding contribu- 
tions to the science of meteorology as applied to 
aeronautics.” 


THE SYLVANUS ALBERT REED AWARD, endowed by 


Dr. S. A. Reed, a founder member of the IAS, to 
be presented ‘‘for a notable contribution to the 
aerospace sciences resulting from experimental or 
theoretical investigations, the beneficial influence 
of which on the development of practical aero- 
nautics is apparent.”’ 


THE LAWRENCE SPERRY AWARD, established in 


1936 by the sister and brothers of Lawrence 
Sperry, pioneer aviator and inventor who died in 
1923, is given ‘“‘for a notable contribution made 


by a young man to the advancement of aero- 
nautics.” 


THE IAS FLIGHT TEST ENGINEERING FELLOWSHIP 


provides for two years of graduate study in flight 
test engineering leading to a master’s degree or 
doctorate in engineering. Program of study can 
be varied to meet the background and needs of 
the individual student. 


THE MINTA MARTIN NATIONAL STUDENT AWARDS, 
endowed by Glenn L. Martin, are given for out- 
standing student papers presented at the annual 


regional conferences. 


regional first-prize 


Papers in each division are considered for national 


awards. 
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Personnel 


This section is for the use of individual members of the Institute 
seeking new connections and eligible organizations offering em- 
ployment to specialists in the aero/space industry. Any member 
or eligible organization may have requirements listed without 
charge by writing to the Secretary of the Institute 


Wanted 


Missile Propulsion Preliminary Design— 
Applying advanced propulsion concepts this 
engineer will prepare systems analyses 
and trade-off studies on new concepts in 
missile propulsion design. He will prepare 
technical proposals on rocket engine hard- 
ware problems including solid propellant 
nozzle design and motor insulation. A 
minimum of 6 years’ related experience 
required plus M.S.M.E. Controls Analysis 
—Responsible for the analysis and evaluation 
of aircraft-missile-electromechanical, servo- 
control systems. Capability of defining 
stability performance and dynamics of 
physical systems in terms of differential 
equations necessary. Analysis techniques 
will include use of LaPlace transforms, 
Nyquist stability criteria, and Bode plots. 
Related degrees plus several years’ experi- 
ence. Operations Research Specialist— 
Apply theory of operations research to selec- 
tion and optimization of military weapons 
systems. Background in game theory and 
information theory desirable. Man _ will 
work on advanced projects involving the 
entire spectrum of environments, from space 
to undersea. _Magnetohydrodynamics Spe- 
cialist—To plan and perform research in the 
field of magnetohydrodynamics, power gen- 
eration, and plasma as related to nuclear 
power and space power systems. M.S. 
physics or engineering plus minimum 5 
years’ experience. Plasma Engine Specialist 
—To plan and perform basic research in the 
fields of plasma and ion engines, magneto- 
hydrodynamics, and power generation as 
related to nuclear power and space power 
systems. Ph.D. physics or engineering plus 
minimum 5 years’ experience. Gasdynamics 
Engineer—To undertake studies in gas- 
dynamics, heat transfer, supersonic aero- 
dynamics, and fluid flow for support of 
rocket nozzle programs, systems for thrust 
vector controls, hot gas steering systems, 
auxiliary power units, and similar advanced 
engineering programs. Advanced degree 
plus 3 years’ experience. Write fully to 
R. J. Theibert, Employment Manager, 
Tapco Group, Thompson Ramo Wool- 
dridge, Inc., 23555 Euclid Ave., Cleveland 
17, Ohio. 


Professors—The Air Force Institute of 
Technology, Wright-Patterson AFB, Ohio, 
has a vacancy in the Department of Mathe- 
matics. Most of the work is at advanced 
undergraduate and graduate levels. One 


Notices of all change of ad- 
dress should be sent to the Circu- 
lation Department, Institute of the 
Aerospace Sciences, Inc., 2 East 
64th Street, New York 21, N.Y.,. 
at least 30 days prior to change 
of address. 


The number preceding the notice 
represents the Box Number of the 
Institute of the Aerospace Sciences to 


which inquiries should be addressed. 


quarter out of four free of teaching duties for 
research or other academic pursuits, plus 
vacation. Working conditions comparable 
to those in leading universities. Employ- 
ment will be effected in accordance with 
Civil Service regulations. Rank and salary 
will depend upon qualifications of applicant 
and may be anywhere between assistant 
professor, GS-11, $7,560, and full professor, 
GS-14, $12,210. Applications should be 
made on Standard Form 57, available at any 
Post Office, or by letter to Head of the De- 
partment of Mathematics. 


Aerodynamicists—The Cornell Aeronau- 
tical Laboratory has attractive openings for 
qualified scientists to perform research in the 
following areas: (1) magnetoaerodynamic 
effects on the flow over blunt bodies; (2) 
flow field analyses at hypersonic velocities 
and low densities; (3) aerodynamic char- 
acteristics of simple geometry hypersonic 
configurations; (4) aerodynamic aspects of 
air-data sensing at hypersonic flight condi- 
tions; (5) base heating of clustered rocket 
nozzle configurations; (6) structure of air 
heat transfer due to turbulent boundary 
layers at hypersonic Mach numbers. The 
Laboratory provides a desirable combination 
of the best features of industry as to financial 
and facilities resources coupled with a 
university associated atmosphere conducive 
to R & D activity at the highest level. Salary 
commensurate with qualifications and ex- 
perience. Send complete résumé to A. A. 
Rentschler, Cornell Aeronautical Labora- 
tory, Inc., 4455 Genesee St., Buffalo 21, 


138. Professor of Aerospace Engineer- 
ing—Positions now available in department 
of aerospace engineering of state university. 
Openings are in areas of aerospace structures, 
aerodynamics, and magnetoaerodynamics. 
Rank and salary will depend upon qualifica- 
tions of applicant. Liberal research and 
consulting policies. Furnish résumé with 
reply. 


Available 


141. Research Engineer—Age 39; for- 
mer head of university engineering research 
organization, now VTOL project aero- 
dynamicist for aircraft manufacturer, desires 
increased research managerial responsibility. 
Fifteen years’ industrial and academic ex- 
perience, as university aeronautical engi- 
neering option head, research project en- 
gineer, and project director for sponsored 
STOL and VTOL analytical wind-tunnel 
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and flight research programs. 
résumé on request. 

140. Airline Executive—A.E. and M.E. 
degrees. Member IAS. _ Sixteen years’ 
extensive experience in management, opera- 
tional and technical fields, including proved 
capability in planning and _ coordinating 
aircraft integration programs, performance 
and economic evaluation of proposed air- 
craft, and development of airplane operating 
procedures. Experienced in airplane con- 
tract negotiations, development of corporate 
planning premises, and personnel and budget 
administration. Particularly interested in 
program or project planning. Wish op- 
portunity to explore other possibilities with 
you. Résumé furnished on request. 

139. Director of Engineering and Main- 
tenance—Twenty-one years of progressively 
increasing technical and administrative 
responsibility for the design, analysis, pro- 
curement, operation, and maintenance of 
commercial transport and military aircraft 
in domestic and_ international service. 
B.S.M.E., aeronautical major. Colonel, 
USAF Reserve. Age 43. Résumé upon 
request. 

137. British Aircraft Designer (AF IAS)— 
Interested in consultation and formation of 
design team in United Kingdom. Would be 
prepared to consider any design consign- 


Complete 


ment. Work would be completed rapidly 
and at nominal cost. Résumé on applica- 
tion. 


136. Aeronautical Engineer— Thirty 
years’ experience—civil approval of power 
plants, power-plant supervisor with aircraft 
manufacturer, chief of AEDC engine test 
facility; also manager, engineering sales and 
advanced proposals. Desires engineering 
applications and Government contacts for 
advanced propulsion and space systems. 
B.S. in M.E.and LL.B. Ohio resident. 


134. Project of Engineering Manager— 
Broad background in aeronautical and ballis- 
tic missile design and management. Ex- 
perience in establishing structural design, 
criteria, performance of operational analysis, 
and weapon system analysis and develop- 
ment. Considerable experience as project 
manager handling all phases of design, 
budgeting, program planning, and support 
activities for an operational military system. 
Age 44. AFIAS. Reg. Prof. Eng. Desires 
position in program planning, project man- 
agement, engineering management, or at 
staff level. 


133. Aeronautical Engineer—Thirteen 
years’ experience in high-speed wind-tunnel 
testing, data reduction, and data analysis. 
Ten years in a supervisory capacity. Ex- 
perience includes research activities, tech- 
nical report preparation, and aerodynamic 
data analysis. Work also accomplished in 
the field of plasma generation in connection 
with arc-heated wind-tunnel development 
and employment as a testing facility. West 
Coast location desired; other locations con- 
sidered. Résumé furnished on request. 
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A word 
about 

our 
Advertisers 


The many companies whose 
advertising appears in this issue 
are interested in you and your 
work. They are anxious to let 
you know what they are doing 
to help you solve research and 
design problems missile, 
rocket, air, and 


spacecraft 


projects. 


AEROSPACE ENGINEERING’s ad- 
vertising pages keep you posted 
on new and improved materials, 
components, services, and sup- 
plies useful to your professional 


work. 


To request more information 
on any product or service ad- 
vertised, may we suggest you 
write to the adverliser directly, 
at no obligation to you. It 
would be greatly appreciated if 
you would mention that you 
saw the ad in AEROSPACE 


ENGINEERING. 


AEHUSPACE 


ENGINEERING 


Established 1934 
2 E. 64th St., New York 21,N. Y. 
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KEARFOTT DIVISION 
Little Falls, New Jersey 


KEARFOTT developed 


and now produces 


Bomarc-B | all-attitude 


mid-course 


guidance system. 


Engineers: Kearfott offers challenging 
opportunities in advanced component and 


system development. 


GENERAL PRECISION. INC. 
Other Divisions: GPL, Librascope, Link 
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IN ELECTRICAL CONNECTORS, TOO 


Craftsmanship produces enduring quality 


; = For over three centuries, the Stradivarius has provided unmatched violin qual- 
es ity, reflecting the integrity of its maker. Similarly, companies today achieve 
their goals—or fall short—through varying degrees of quality and integrity. 


Bendix" Electrical Connectors, made by the Scintilla Division, are recognized 
by their users as products of the highest quality—with no premium in cost. 
If connector quality interests you, write us at Sidney, N. Y. 


Scintiila Division 


CORPORATIO 


Canadian Affiliate: Aviation Electric, Ltd., 200 Laurentien Blvd., Montreal 9, Quebec. Export Sales & Service: Bendix International, 205 E. 42nd St., New York 17, N.Y- 
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